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1 Introduction

1.1 Histone modifications in Eukaryotes

Chromatin is composed of DNA and histones in eukaryotes. The basic unit of
chromatin, nucleosome, is typically composed of two repeats of histones H2A, H2B,
H3, and H4, and 146 base pairs of DNA (Luger et al. 1997). Each histone contains an
unstructured N-terminal tail, usually consisting of 25-40 amino acid residues
subjected to various posttranslational modifications, such as acetylation,
phosphorylation, methylation, and ubiquitylation (Arnaudo and Garcia 2013) (Figure
1.1). Methylation is an extensively studied modification that primarily occurs on the
side chains of lysines (K) and arginines (R). Both K and R can be mono- and
di-methylated, and K can be further tri-methylated (Ng et al. 2009). In addition to the
number of methyl groups, the sites of methylation can also be different. The
methylation at lysine 4 (K4), lysine 9 (K9), lysine 27 (K27), and lysine 36 (K36) are
common sites. Generally, H3K4me3, H3K36me3, and H3K79me3 are involved in gene
activation, whereas H3K27me3 and H3K9me2 are involved in transcriptional
repression (Black, Van Rechem, and Whetstine 2012). Thus, histone lysine
modifications have different functions depending on the position and number of

methyl groups.
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Figure 1.1. Histone modifications. Post-translational modifications of histones,
including phosphorylation, methylation, acetylation, and ubiquitination, regulating
chromosome structure and gene expression, modified from Zou J. et al., 2019.

1.1.1 Histone methyltransferases in Eukaryotes
Histone methylation is precisely regulated by methyltransferases and demethylases.

The methyl group can be added by the histone methyltransferases called “writer”.
The first identified histone lysine methyltransferase (HKMT), SUV39H1, mainly
methylates H3K9 (Rea et al. 2000). More HKMTs are identified afterward, and most
of HKMTs are conserved between animals and plants. These HKMTs usually contain
the SET domain responsible for enzymatic activity. One exception is Dot1 (Disruption
of telomeric silencing 1) that can methylate H3K79 without the SET domain (Dindar
et al. 2014; Xiao, Lee, and Wagner 2016). The SET domain was firstly found in
Drosophila melanogaster and named after three Drosophila melanogaster proteins,
namely Su(var) 3-9, Enhancer of Zeste, and Trithorax (Jones and Gelbart 1993;
Tschiersch et al. 1994; Stassen et al. 1995). Genetic studies showed that the
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SET-domain proteins belonging to the Su(var) 3-9 subfamily play vital roles in H3K9
methylation and heterochromatin assembly (Rea et al. 2000; Nakayama et al. 2001).
For example, the mice with compromised SUVH3-9 showed unstable chromosomes,
defected heterochromatin assembly, and increased tumorigenesis (Peters et al. 2001).
Clrdp, another SET domain-containing protein, is required for centromeres silencing
and the mating-type switching in Schizosaccharomyces pombe (Ilvanova et al. 1998).
The Drosophila Su(var)3-9 protein plays a vital role in regulating position-effect
variegation (PEV) (Tschiersch et al. 1994). In Arabidopsis, 46 SET-domain containing
proteins have been identified, which are grouped into seven classes, including I)
Enhancer of zeste [E(Z)] homologs; 1) The ASH1 homologs; Ill) The trithorax
homologs and related proteins; IV) Proteins with a SET and a PHD domain; V)
Suppressor of variegation [Su(var)] homologs and relatives; VI) Proteins with an

interrupted SET domain; VII) RBCMT and other SET-related proteins (Ng et al. 2007).

The E(Z) class proteins are mainly associated with histone 3 lysine 27 trimethylation
(H3K27me3) (Springer et al. 2003). H3K27me3 is usually deposited by the Polycomb
Repressive Complex 2 (PRC2). The PRC2 complex, including four core subunits named
after their Drosophila melanogaster homologs, is highly conserved among species.
The core subunits include embryonic ectoderm development (EED), enhancer of
zeste homologue 1/2 (Ezh1/2), suppressor of zeste 12 (Suzl2), and
retinoblastoma-binding protein 7/4 (RBBP7/4) (Ciferri et al. 2012). The PRC2
component EZH1 or EZH2 is responsible for catalyzing H3K27 methylation. H3K27 can
be mono (H3K27me1), di (H3K27me2), or trimethylated (H3K27me3). In Arabidopsis,
there are three E(z) methyltransferase: MEDEA (MEA), CURLY LEAF (CLF),
and SWINGER (SWN). MEA, a polycomb group protein, is required for proper embryo
and endosperm development in a parental imprinted way (Kohler et al. 2005;
Kinoshita et al. 1999). CLF was shown to mediate H3K27me3 at AGAMOUS (AG)
and SHOOTMERISTEMLESS (STM) loci to regulate flowering time via repressing their
expression (Schubert et al. 2006; Chanvivattana et al. 2004). CLF and SWN, two main
H3K27 methyltransferases, are redundant in H3K27me3 deposition (Shu et al. 2019).

The trithorax group (trxG) proteins mainly mediate H3K4 methylation (H3K4me) and
activate gene expression. For example, ATX1 regulates floral development via its
H3K4 methyltransferase activity to activate flower homeotic gene expression
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(Alvarez-Venegas et al. 2003). H3K4me is mainly deposited at the promoter and
enhancer regions in mammals (Cheng et al. 2014), and gene bodies in plants (Zhang
et al. 2009), indicating their essential roles in gene expression. In Arabidopsis,
H3K4me plays a vital role in controlling floral transition and root growth (Jiang et al.
2011; Yao et al. 2013). H3K4me2/3 is linked to “memory” of environmental stresses,
such as drought and heat in plants (Ding, Fromm, and Avramova 2012; Ding et al.
2012; Lamke et al. 2016). The H3K4me2/3 levels at the promoters of ‘heat memory
genes’ are elevated after the first moderate stress treatment (Lamke et al. 2016). The
increased H3K4me2/3 level persists for three days and contributes to more dramatic
transcriptional activation and increased stress tolerance upon a second stress
treatment, perhaps caused by hyper H3K4me3 for efficient transcription elongation

(Ding et al. 2012; Lamke et al. 2016).

KYP/SUVH4, SUVH5, SUVHS6, all belong to the SUV subfamily, are proven to function
as histone 3 lysine 9 (H3K9) methyltransferases to maintain the H3K9 methylation
levels in Arabidopsis (Du et al. 2015; Ebbs and Bender 2006). The above-mentioned
proteins, mainly KYP, play critical roles in heterochromatin assembly. H3K9me is
mainly deposited on heterochromatin (Barski et al. 2007) but excluded from the gene
body. Its deposition on heterochromatin is essential for genome stability through
silencing transposable elements (TEs) and other repetitive DNA (Du et al. 2015;
Bernatavichute et al. 2008; Liu et al. 2010). H3K9me is highly correlated with DNA
methylation (Bernatavichute et al. 2008). In plants, DNA can be methylated at three
sequence contexts: CG, CHG, and CHH (where H corresponds to A, T, or C) (Zhang,
Yazaki, et al. 2006; Lister et al. 2008; Cokus et al. 2008). CHG methylation can form a
feedback with H3K9me2 (Du et al. 2015). Arabidopsis SUVH proteins can bind to the
methylated DNA by their SRA domain (SET and RING finger Associated), leading to
H3K9 methylation. In turn, CMT3, the CHG methyltransferase, can bind to histones
with H3K9me2 via its chromodomain to maintain CHG methylation (Johnson et al.
2007). Thus, H3K9 methylation and CHG methylation can form feedback to reinforce
the methylation states. No obvious development defects are observed in the kyp
mutant, but further study showed that KYP represses the seed dormancy by
decreasing the expression of dormancy-related genes (Zheng et al. 2012). In addition,
H3K9me2 also plays an important role in Arabidopsis meiosis. In plants, meiotic
recombination mainly happens in chromosome arms but is repressed in centromeric
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and pericentromeric regions (Lambing, Franklin, and Wang 2017; Choi and
Henderson 2015). Loss of H3K9me2 and CHG DNA methylation activates meiotic
recombination near centromeres in kyp suvh5 suvh6 and drml drm2 cmt2 cmt3
mutants (Underwood et al. 2018), revealing that H3K9me2 is essential for

suppressing recombination surrounding centromeres.

1.1.2 Histone demethylases in Eukaryotes

Methylation marks can also be removed by the “eraser”, histone demethylases, to
keep the dynamic balance. Histone methylation is believed to be irreversible until the
discovery of histone demethylase KDM1A/LSD1. LSD1 can remove H3K4 methylation
via its amine oxidase domain with the aid of cofactor flavin adenine dinucleotide
(FAD) (Shi et al. 2004). Moreover, the JmjC domain-containing protein
KDM2A/JHDM1A can remove H3K36 via its JmjC domain, with the iron as a cofactor
mediating an a-ketoglutarate reaction (Tsukada et al. 2006). More histone
demethylases catalyzing diverse substrates are characterized after the above
discoveries. The identified histone demethylases are clustered into two families:
lysine-specific demethylase (LSD) and Jumonji-C (JmjC) domain-containing proteins,
with different mechanisms to remove methylation modifications. Hence, histone
methylation is dynamically regulated by methylases and demethylases to keep the

balance during development.

LSD1 plays an essential role during development, including cell proliferation, cellular
differentiation, embryonic development, and cancer (Forneris et al. 2009; Rotili and
Mai 2011; Suzuki and Miyata 2011; Lynch, Harris, and Somervaille 2012). It contains
three domains: SWIRM domain at N-terminal, FAD-binding domain, and the tower
domain (Chen et al. 2006). LSD1 is shown to repress or activate transcription by
mediating histone H3K4me1/2 and H3K9me1/2 demethylation, respectively (Shi et al.
2004). The molecular mechanisms underlying this dual substrate specificity remain
unknown. LSD1 is responsible for H3K4me1/2 and H3K9me1/2 removal by the amine
oxidation reaction together with FAD (Stavropoulos, Blobel, and Hoelz 2006). LSD1
can interact with the transcriptional repressor REST and histone deacetylase HDAC to
form a complex, repressing the expression of neuronal genes by removing H3 and H4
lysine acetylation, and H3K4 methylation (Ballas et al. 2001; Battaglioli et al. 2002).

Knockdown of LSD1 leads to increased H3K4 methylation levels at the target



promoters (Shi et al. 2005). LSD1 also demethylate H3K9me to activate transcription.
Androgen receptor (AR), a transcription factor, interacts with LSD1 to stimulate the
transcription of AR targets by relieving H3K9 methylation. Pargyline, the inhibitor of
LSD1, can repress the removal of H3K9 methylation, leading to the reactivation of AR
target genes (Metzger et al. 2005). Taken together, LSD1 repress or activate gene

expression depending on the specific substrates.

There are four homologs of LSD1 in Arabidopsis, including LSD1-like 1 (LDL1), LDL2,
LDL3, and flowering locus D (FLD) (Jiang et al. 2007). FLD is shown to regulate FLC
expression by histone acetylation removal, mutation of FLD results in
hyperacetylation in FLC chromatin, and late flowering (He, Michaels, and Amasino
2003). LDL1 and LDL2 are partial redundancy with FLD in regulating FLC expression
(Jiang et al. 2007). LDL3 specifically removes H3K4me2 to induce shoot regeneration
(Ishihara et al. 2019), indicating the critical roles of H3K4 demethylases during plant

development.

The second histone demethylase family, JmjC domain-containing proteins, can also
erase a wide variety of histone methylation marks through oxidative reactions. These
proteins are widespread from bacteria to eukaryotes, all containing highly conserved
JmjC domain. Over 10,000 proteins have been annotated with this domain (Hahn et
al. 2008). These proteins are clustered into seven subgroups according to the
domains and functions, namely KDM2/JHDM1, KDM3/JHDM2, KDM4/JHDM3,
KDM5/JARID, KDM6, KDM7, JmjC-domain only subgroups. The JmjC domain was
identified in 1995 (Takeuchi et al. 1995), but its function to eliminate histone
methylation was unknown until 2006. JHDM1 (JmjC domain-containing histone
demethylase 1) is the first reported demethylase belonging to this family, specifically
erasing H3K36 methylation with the cofactors Fe(ll) and a-ketoglutarate.

Overexpression of JHDM1 reduces the H3K36 methylation level (Tsukada et al. 2006).

1.1.3 The role of histone demethylase in Arabidopsis
Arabidopsis has 21 proteins containing the JmjC domain (Figure 1.2). According to

their evolutionary relationship and domain architecture, these proteins are clustered
into five groups: KDM5/JARID1, KDM4/JHDM3, KDM3/JHDM2, JMID6, and JmjC
domain-only (Lu et al. 2008).
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Figure 1.2. Twenty-one JmjC domain-containing proteins in Arabidopsis. The JmjC
domain-containing proteins are grouped into five groups according to their substrate

specificity.

KDM5/JARID1 group contains six members: JMJ14, JMJ15 (MEE27), IMJ16, JMJ17,
JMJ18, and JMJ19. JMJ17 contains the JmjC, JmjN, ARID, C5HC2 zinc finger, and the
PHD domain, while JMJ19 only contains JmjC, JmjN, and C5HC2 zinc finger domain.
The remaining four members have FYRN and FYRC but not C5HC2 zinc finger or PHD
domain at the C-terminal. FYRN and FYRC domains are preferentially present in H3K4
demethylases (Lu et al. 2008). Structural study of the JMJ14-H3K4me3 complex
explains the substrate specificity of this subgroup. H3R2 and H3Q5 can be recognized
by several acidic residues of the Jmj and C5HC2 domains of JMJ14 to further remove
H3K4 methylation. The above acidic residues are conserved in plants and animals,
indicating the general mechanism to determine the substrate specificity for these
proteins (Yang et al. 2018). In addition, FYRN and FYRC domains at the C-terminal of
JMJ14 interact with NAC0O50 and NAC052, two NAC domain-containing transcription
factors, to direct the RNA silencing and regulate the flowering time (Zhang et al.

2015). PHD domains of this group are also essential for H3K4 methylation recognition
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(Sanchez and Zhou 2011). At last, substrate specificity can be dynamic in different
cell-types. JMJ16 only has the H3K4 demethylase activity in somatic cells, and this
restriction is probably mediated by the interaction between the C-terminal FYR
domain and catalytic domain. MMD1, the meiocyte-specific reader of histone
methylation marks, can compete with the catalytic domain of JMJ16 to interact with
the C-terminal FYR domain in meiotic cells, thus expanding the substrates from

H3K4me to both H3K4me and H3K9me (Wang et al. 2020b).

The KDM4/JHDM3 group contains JMJ11 (ELF6), JMJ12 (REF6), and JMJ13, which are
H3K27 demethylases in Arabidopsis. These proteins all contain the JmjN and JmjC
domains, but have different domains at their C-terminal. JMJ13 contains C4HCHC
type zinc finger domain, while REF6 and ELF6 contain four repeat C2H2 zinc fingers.
As the zinc finger domain can bind to DNA, this group of proteins is predicted to bind
to DNA directly. REF6 can bind to the targets harboring CTCTGYTY motifs through its
4x(C2H2) zinc finger domain and remove the H3K27m3 methyl group (Cui et al. 2016;
Lu et al. 2011). JMJ13 represses the flowering in temperature- and
photoperiod-dependent pathways. The early flowering phenotype of jmj13 occurs at
high temperatures no matter in LD or SD conditions, but not in SD conditions at low
temperature (Zheng et al. 2019). Recently, ELF6 and REF6 are shown to play a critical
role in resetting H3K27me3 and H3K27mel marks during sexual reproduction
(Antunez-Sanchez et al. 2020). Moreover, the three proteins can also function
together to control the spatial boundaries of H3K27me3, regulating gene expression

in a tissue-specific way (Yan et al. 2018).

The KDM3/JHDM2 group contains five members that are predicted to be H3K9me1/2
demethylases, including JMJ25 (IBM1) to JMJ29. Except JMJ28, they all contain
conserved Fe (1) and a-KG binding sites required for the demethylase activity (Lu et
al. 2008). Mutation of IBM1 leads to ectopic deposition of H3K9me2 at thousands of
gene bodies (Inagaki et al. 2010; Miura et al. 2009). Accordingly, the ibm1 mutant
exhibits pleiotropic developmental phenotypes, indicating its essential roles in plant
development (Saze et al. 2008). In addition, JMJ27 is involved in both physiological
and developmental regulation in Arabidopsis. JMJ27 positively or negatively
regulates the expression of specific genes, such as pathogenesis-related (PR) genes

PR1 and WRKY25, to against the virulent Pseudomonas syringae pathogens. JMJ27
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also governs the flowering time in a similar way (Dutta et al. 2017). JMJ29 is required
for trichome development (Hung et al. 2020). Although JMJ28 has no conserved Fe (l1)
and a-KG binding sites, it can remove H3K9me2 at the CO locus to activate its
expression by interacting with the BHLH transcription factor FBH (Hung et al. 2021).
Although JMJ24 is classed into this subgroup, it doesn’t harbor the cofactors binding
sites and thus the demethylation ability. Alternatively, JMJ24 can destabilize the
chromomethylase 3 (CMT3) through its ubiquitin E3 ligase activity, also regulating
heterochromatic state (Deng et al. 2016).

1.1.4 Recruitment of histone methyltransferases and demethylases

Recognizing targets is another core question to understand the function of histone
methyltransferases and demethylases. Recruiting histone methyltransferases and
demethylases to targets is regulated to ensure that the modifications are deposited
at the appropriate sites. Two modes are proposed for the targeting, recruited by
DNA-binding proteins (Pasini et al. 2010; Eissenberg et al. 1990) or RNAi pathway.
Well-identified DNA-binding proteins for the targeting are the Kriippel-associated box
(KRAB)-containing zinc-finger proteins (KRAB-ZFPs) in mammals. The KRAB domain
interacts with the co-repressor KAP1/Trim28 complex, recruiting SetDB1 methylase
to silence the heterochromatic genes (Peng et al. 2000; Schultz et al. 2002; Friedman
et al. 1996). Retinoblastoma (Rb) protein is required to recruit SUV39H1-HP1
complex to the euchromatic targets (Nielsen et al., 2001). MAX, the partner of Myc
family proteins, is also involved in SUV39H1-mediated specific gene regulation in
mouse embryonic stem cells (Maeda et al. 2013). In addition to the aforementioned
proteins, transcription factors (TFs) Pax3 and Pax9 also play critical roles in recruiting
histone methylases to keep the heterochromatin integrity in mice (Bulut-Karslioglu et
al. 2012). The mutation of pax3 and pax9 leads to activated satellite transcripts,
persistent impairment of heterochromatic marks, and defects in chromosome
segregation (Bulut-Karslioglu et al. 2012). Nevertheless, only a limited number of
transcription factors are known to recruit the histone demethylases to targets in
Arabidopsis. IMJ14 interacts with NAC family transcription factors to target specific
chromatin regions (Ning et al. 2015). Besides, the transcription factors FLOWERING
BHLH (FBH) are shown to recruit JMJ28 to the CO locus to activate its expression
(Hung et al. 2021). The histone reader MMD1 is shown to interact with JMJ16 to

activate gene expression in meiotic cells (Wang et al. 2020a). Hence, histone modifier
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interactors are important for recruiting histone methylases and demethylases.

The RNAI pathway is functional in guiding histone methyltransferases to targets in
yeast and mammals. In fission yeast, recruiting the H3K9 methyltransferase to the
centromeric region requires the RNA intermediates produced by the RNAi machinery,
which is essential for heterochromatin formation (Hall et al. 2002). In addition, the
RNAI pathway also plays an important role in maintaining the epigenetic inheritance
for at least 20 generations in the germline of C. elegans, and the germline-specific
argonaute HRDE1/WAGO-9 is required for this process. The multigeneration silencing
phenomenon does not spread into the somatic cells (Ashe et al., 2012), indicating
the tissue-specific functions of the complex. Similar mechanisms are also found in
plants. The long siRNAs, produced by the AGO4-mediated silencing system, lead to
DNA and histone methylation at the specific region by cooperating with KYP, CMT3,
and DRM2 (Zilberman, Cao, and Jacobsen 2003), suggesting similar mechanisms

required for the recruitment of histone methyltransferases in plants and animals.

1.1.5 Histone modifications and gene expression

DNA is wrapped around histones forming the nucleosomes. Histones can affect gene
expression directly by physically enhancing or blocking the availability of DNA to
transcription factors (Luger et al. 1997). Moreover, histones can also affect gene
expression indirectly through post-translational modifications. Modified histones
further recruit other effectors to regulate chromatin compaction and gene
expression (Clements et al. 2003; Wysocka et al. 2006). For instance, H3K4me3 is
required to recruit nucleosome remodeling factor (NURF) to activate HOX gene

expression in humans (Wysocka et al. 2006).

H3K9me2 is a critical mark of heterochromatin formation and gene silencing in
Arabidopsis. Deposition and removal of H3K9me2 are regulated by H3K9
methyltransferases and demethylases, both of which are essential for plant
development (Fan et al. 2012; Hung et al. 2020; Dutta et al. 2017; Hung et al. 2021;
Deng et al. 2016). However, the function of H3K9 demethylases in Arabidopsis
reproduction is not clear. Moreover, the effectors acting downstream of H3K9
demethylation to activate gene expression are unknown in Arabidopsis. So, the first

part of my thesis will focus on the function of H3K9me2 demethylation in
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Arabidopsis meiosis, and the effectors required for H3K9 demethylation-mediated

gene activation.

1.2 Anther development and pollen wall formation

1.2.1 Anther development

The production of pollen grains is essential for plant reproduction and crop yield.
Anther is the male reproductive organ of higher plants, where pollen is produced and
matured. It is a four-lobed structure, and each lobe is protected by four somatic cell
layers, namely epidermis (E), endothecium (En), middle layer (ML), and tapetum (T)
from outer to inner (Goldberg, Beals, and Sanders 1993). The innermost tapetum cell
layer surrounds the reproductive cells and plays a critical role in pollen maturation

(Sanders et al. 1999).

Anther development starts with stamen primordia emergence and ends with anther
dehiscence and senescence. The whole process is divided into 14 stages according to
the distinctive cellular events observed from the wild-type Arabidopsis (Sanders et al.
1999). The 14 stages are further classed into two phases (Figure 1.3). The stamen
primordia emerge at stage 1 with L1, L2, and L3 three cell layers. Archesporial cells
appear at stage 2, and further divide into the primary parietal layer, secondary
parietal layer, and primary sporogenous layer at stage 3. The primary parietal and
sporogenous layers differentiate into the four somatic cell layers, and the four-lobed
structure is formed at stage 4. At stage 5, the four clearly defined locules are
established, and the microspore mother cells arise. Microspore mother cells enter
meiosis between stage 5 and stage 7, and the haploid microspores named tetrads are
produced at stage 7. During these stages, the middle layer is degenerated, the
tapetum cell layer becomes vacuolated, and anther size is increased gradually. The
callose wall is degenerated to release microspores at stage 8, indicating the end of
phase 1. During phase 2 (stage 9 to stage 14), microspores developed into pollen
grains containing both vegetative and generative nuclei for pollination. Several cell
layers are degenerated along with stomium cell breakage and pollen release during

these stages (Sanders et al. 1999).
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Figure 1.3. Phase one (left) and phase two (right) of wild-type Arabidopsis thaliana
anther development (Sanders et al. 1999). L1, L2, and L3, the three cell layers of the
stamen primordia; E, epidermis; Ar, archesporial; 1°P, primary parietal layer; 2°P,
secondary parietal layer; Sp, sporogenous cells; MC, meiocyte; ML, middle layer;
MMC, microspore mother cell; MSp, microspore; PG, pollen grains; Sm, septum; St,

stomium; T, tapetum; Tds, tetrads; V, vascular C, connective; En, endothecium.

1.2.2 Pollen wall formation

Pollen grains are surrounded by a multilayer pollen wall, a structure protecting pollen
grains from desiccation, stresses, microbial attacks (Scott, Spielman, and Dickinson
2004). Many genes are involved in pollen wall formation (Figure 1.4). The
morphology of the pollen wall varies in different species, but its fundamental
structure is conserved (Fraser et al. 2012). The pollen wall is typically composed of an
inner intine and an outer exine. The intine is mainly composed of pectin, cellulose,
and hemicellulose, while the exine is mainly composed of sporopollenin (Quilichini,
Grienenberger, and Douglas 2015; J 1968). The exine is further devided into an inner
nexine layer and an outer sexine layer. Sexine is formed in a regular pattern, including
the baculum, the rod structure, and the tectum, which is the outside edge covered

with the pollen coat (Ariizumi et al. 2003).
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Figure 1.4. Pollen wall development in plants. The pollen wall is a multi-layered

structure, and many genes are involved in its formation (Shi et al. 2015).

The pollen wall formation is assumed to start with the degradation of callose by
callase secreted by tapetum. Tapetum provides enzymes and chemicals (Goldberg,
Beals, and Sanders 1993), responsible for callose secretion, callose wall breakdown,
and pollen wall materials synthesis (Xu et al. 2014). For example, sporopollenin, the
main component of the exine, is derived from the tapetum. When the tapetal cells
are degenerated, microspores will form the primexine that acts as the template for
the deposition of sporopollenin precursors (Jiang, Zhang, and Cao 2013; Ariizumi and
Toriyama 2011). Deposition of sporopollenin sets up the primexine that will develop
into exine. The residue of the primexine is embedded between the precursor of
bacula. The intine formation is initiated when the second round of mitosis starts,

indicating that the pollen wall is formed.

1.2.3 Mechanisms of tapetum development and pollen wall formation

In Arabidopsis, the tapetum, arising from stage 4 during anther development, is
highly active during stages 4 to 10. It is degenerated at later stages to promote pollen
development (W.Parish and F.Li 2010; Sanders et al. 1999). Many transcription
factors regulate tapetum development, including the basic helix-loop-helix (bHLH)
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transcription factors DYSFUNCTIONAL TAPETUM1 (DYT1), ABORTED MICROSPORES
(AMS) (Sorensen et al. 2003; Xu et al. 2010; Zhang, Sun, et al. 2006), and MALE
STERILITY1 (MS1) that contains a plant homeodomain (Wilson et al. 2001; Yang et al.
2007) (Figure 1.5). All these mutants lead to the failure of pollen formation even they
function at different stages. In dyt1, tapetal cells are precociously vacuolated before
meiosis, leading to abnormal meiotic cytokinesis (Feng et al. 2012; Zhang, Sun, et al.
2006). In addition, DYT1 also regulates callose wall formation and pollen coat
biosynthesis, which occurs in tapetal cells and is stored in tapetosomes until the
degeneration of tapetal cells (Feng et al. 2012; Hernandez-Pinzon et al. 1999; Hsieh
and Huang 2005). AMS regulates the expression of various tapetum-expressed genes,
including genes for lipid transportation, fatty acid synthesis and metabolism,
methyl-modification, pectin dynamics. The ams mutant shows the enlarged tapetal
cells that occupy the whole locular space, leading to the failure of tetrads releasing
(Xu et al. 2010; Zhu et al. 2011). AMS exhibits a biphasic expression pattern during
the anther development, and its expression had two peaks: pollen meiosis to tetrad
stage and pollen wall development stage (Ferguson et al. 2017). MS1, another
tapetum development regulator, is mainly expressed in the late stages of anther
development (Yang et al. 2007). The mutation of MS1 leads to the failure of tapetum
development due to lacking programmed cell death (PCD), affecting the deposition
of pollen wall materials (Alves-Ferreira et al. 2007; Ito et al. 2007). The above three
transcription factors, together with other proteins, form the network to regulate the

anther development.
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Figure 1.5. The regulatory network for the regulation of tapetum transcription
factors during anther development in Arabidopsis. AMS has two expression peaks
during the anther development with different targets and functions (Ferguson et al.
2017).

The synthesis and degradation of diverse chemicals required for pollen wall are
regulated by the complicated regulation networks. The callose wall plays a critical
role in the process, and the mutation of callose synthase CALS5 leads to a defective
exine (Dong et al. 2005). CALS5 expression is decreased in dex1 with a compromised
plasma membrane protein expression. The pollen wall is also abnormal in dex1,
indicating that DEX1 is required for exine formation and sporopollenin secretion (Ma,
Yang, and Zhang 2013). The exine is composed of inner nexine and outer sexine.
Several tapetal-specific genes are involved in the exine formation, including
CYP703A2 and MS2 for sporopollenin biosynthesis (Chen et al. 2011; Morant et al.
2007), and ABCG26 for precursor transportation (Choi et al. 2011; Quilichini et al.
2010). TEK, an AT-hook containing protein, regulates nexine formation. AMS can bind
to the TEK promotor and form the regulation pathway (DYT1-TDF1-AMS-TEK) to
regulate nexine formation. Besides, AMS can also bind to the MS188 promotor,
involved in the regulatory module DYT1-TDF1-AMS-MS188 to control the sexine
formation (Lou et al. 2014).

1.3 Meiosis
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1.3.1 Overview of meiosis in plants

Meiosis is a special type of cell division with one round of DNA replication followed
by two rounds of chromosome segregation. This process is divided into meiosis | and
meiosis Il, both of which contain four phases: prophase, metaphase, anaphase, and
telophase (Figure 1.6). Homologous chromosomes segregate into two poles in
meiosis |, and sister chromatids separate in meiosis Il, leading to reduced ploidy.
Prophase | is a long process, which is further divided into five substages: leptotene,
zygotene, pachytene, diplotene, and diakinesis, based on the cytological features of
chromosomes (Armstrong and Jones 2003; Dawe 1998; Zickler and Kleckner 1999b).
DNA replication has been completed at leptotene, and chromatin begins to condense,
forming thread-like structures called the axial element. Homologous chromosomes
pairing starts at zygotene. Synapsis also happens following the synaptonemal
complex (SC) structure (Roeder 1990). Homologous chromosomes are fully synapsed
and continue to condense at pachytene. At diplotene, the SC is disassembled, and
homologous chromosomes start to be partially separated. The cytological features of
chiasmata can be detected, where homologous chromosomes are still tethered
together at those positions. At diakinesis, the chromosomes further condense and
form highly compacted bivalents, indicating the end of prophase |. Homologous
chromosomes complete recombination at prophase |, and crossovers form between
non-sister chromatids, which are essential for the proper segregation of homologous
chromosomes. At metaphase |, paired chromosomes move to the cell center, aligning
at the equatorial plane. Homologous chromosomes segregate to opposite poles at
anaphase |, and become decondensed at telophase |I. Chromosomes are condensed
again and separated by the organelle band at prophase Il. At metaphase II, two
groups of chromosomes are aligned vertically to each other. At anaphase I, sister
chromatids are separated and segregated to form four clusters of chromosomes.
Chromosomes become decondensed at telophase Il. Afterward, four haploid nuclei

are packaged through cytokinesis, producing four microspores (Ma 2006).
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Figure 1.6. Chromosome morphology at different stages in male meiocytes.
Modified from West A et. al., 2015. Many special events happen in meiosis, such as
DNA double-strand breaks (DSBs), homologs recombination, and crossover (CO)
formation. These events are essential for the correct segregation of homologous
chromosomes.

1.3.2 Homologous chromosome pairing and synapsis

The initiation of alignment and pairing between homologous chromosomes occurs
from leptotene through zygotene. The axial elements (AEs) is initially formed
between the paired sister chromatids in early prophase |, and the homologous
chromosomes are increasingly aligned closely with each other from leptotene
through zygotene. During these stages, the AEs will develop into parts of the SC
structure that are referred to lateral elements (LEs), and LEs at the two sides of SC

are connected by the transverse filaments (TFs), forming the SC structure. At
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pachytene, the completely synapsed homologous chromosomes are linked by the SC
along their entire length, and the four chromatids are held together tightly by the SC.
The SC is disassembled during diplotene, and the homologous chromosomes are
separated at chromosome arms, only linked together by chiasmata at reciprocal

crossover sites.

The structure of SCs is highly similar in eukaryotic organisms. However, the
sequences of the protein components are not conserved. For example, the TF
proteins Zip1 in yeast, SYP1 in C. elegans, C (3)G in Drosophila, and SCP1 in mammals
do not show some sequence similarity even sharing the similar structure (Page and
Hawley 2001; MacQueen et al. 2002; Zickler and Kleckner 1999a; Heyting 1996). In
Arabidopsis, two Zipl homologs, AtZYP1a and AtZYP1b have been identified, both of
which are required for plant fertility. The mutation of ATZYP1a leads to the reduced
crossover, multivalent and univalent formation (Higgins et al. 2005; Capilla-Perez et al.
2021). DSBs are required for homologous synapsis in Arabidopsis. Loss of SPO11, a
protein catalyzing the formation of meiotic DNA DSBs (Bergerat et al. 1997; Hartung
et al. 2007; Grelon et al. 2001), leads to the abolishment of chromosome pairing and
synapsis (Grelon et al. 2001). The phenotype is the same in yeast and mammals but
different in C. elegans that synapsis occurs without the DSBs formation (McKim et al.

1998; Lichten 2001; Burgess 2002).

1.3.3 Homologous recombination

Homologs recombination is initiated by the formation of DSBs at leptotene. SPO11,
the highly conserved protein, catalyzes meiotic DNA DSBs (Bergerat et al. 1997;
Hartung et al. 2007; Grelon et al. 2001). There are three SPO11 proteins in
Arabidopsis, namely AtSPO11-1, AtSPO11-2 in A subunit, and MTOPVIB in B subunit
(Vrielynck et al. 2016; Stacey et al. 2006). DSBs have preference positions, called DSB
hotspots. The DSB hotspots are located at gene promoters in S. cerevisiae, while they
are enriched in intergenic regions in mice (Smagulova et al. 2011; Baudat and Nicolas
1997). In Arabidopsis, the crossover (CO) hotspots can be detected along the entire
chromosomes except for the centromere regions where most transposon elements
are located with high DNA methylation and H3K9me2 (Salome et al. 2012). The
single-strand DNA (ssDNA) is produced after the formation of DSBs (Wang et al.

2020a; Hung et al. 2021), and RAD51 recombinases bind at ssDNA to search for
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homologous chromatids sequences (Sung and Robberson 1995; Bishop et al. 1992).
Some DSBs can be repaired by using homologous chromosomes as DNA templates,
leading to COs formation. Class | COs are ZMM proteins-dependent, firstly identified
in S. cerevisiae. The ZMM proteins contain Zip1, Zip2, Zip3, Zip4, Msh4, Msh5, Mer3
and Spol6 (Borner, Kleckner, and Hunter 2004). In Arabidopsis, SHOC1/ZIP2, ZIP4,
MSH4, MSH5, HEI10, MER3, and PTD are shown to regulate the formation of class |
COs (Mercier et al. 2005; Chelysheva et al. 2012; Higgins et al. 2004; Chelysheva et al.
2007). The class Il COs are MUS81- dependent (Higgins et al. 2008).

Most of DSBs with interhomolog invasion are still repaired without reciprocal
exchange using sister chromatids as templates. In Arabidopsis, around 250 DSBs are
formed per meiotic cell; only around 12 recombination events containing 10 class |
COs and 2 class Il COs are detected. The number of CO per chromosome is usually
limited to at least one but does not exceed three, no matter the size of the
chromosome, which is called CO interference to inhibit the successive COs
(Berchowitz and Copenhaver 2010; Zhang et al. 2014). CO homeostasis is stable even
with altered DSBs numbers in S. cerevisiae and mice (Martini et al. 2006). However,
the study in Maize showed that the increased DSBs could increase the recombination

rates (Sidhu et al. 2015).

1.3.4 Histone modifications in meiosis

Histone modifications are involved in the regulation of many meiotic events. For
instance, H3K4m3 is enriched at DSB hotspots in yeast (Pan et al. 2011). A similar
pattern is also found in mice, indicating the conserved roles of H3K4me3 in the DSB
formation (Smagulova et al. 2011). The previous studies in mice show that the PR
domain-containing 9 (PRDM9) can tri-methylate H3K4 and H3K36 at the genetic
recombination sites to initiate the meiotic recombination in spermatocytes. The
positive marks H3K4me3 and H3K36me3 only occur in the recombination regions:
hotspots and the sex chromosomes PAR region, indicating their crucial roles in
recombination (Powers et al. 2016). In mammals, depletion of G9a, the major H3K9
methyltransferase, impairs H3K9 methylation, and affects synapsis and homologs
recombination, leading to the failure of spermatogenesis (Takada et al. 2011; Pan et
al. 2011). Suv39h, another H3K9 methyltransferase in mammals, mainly functions

during spermatocytes. Loss of Suv39h impairs H3K9 methylation at the pericentric
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region, leading to abnormal synapsis and chromosomes segregation (Peters et al.
2001). In Arabidopsis, loss of H3K9m2 and non-CG methylation in kyp and cmt3
increase the recombination rate near the centromere; however, they are

dispensable for chromosome segregation (Underwood et al. 2018).

1.3.5 The cohesin complex in meiosis

The cohesin complex, essential for accurate chromosome segregation, is conserved
in eukaryotes (Watrin and Peters 2006; Toyoda and Yanagida 2006; Vass et al. 2003).
In Arabidopsis, the sister chromatid cohesion is composed of several conserved
proteins, forming a ring-shaped structure. The core components of the complex
contain four proteins: structural maintenance of chromosome proteins SMC1, SMC3
which form a heterodimer, sister chromatid cohesion protein 1 (SCC1) that
REC8/SYN1 replaces in meiosis, and SCC3. These core components can form a
tri-partite ring to entrap the sister chromatids together. REC8 is a kleisin cohesion
subunit. The C-terminal is shown to bind to SMC1, and the N-terminal bind to SMC3
to close the ring structure (Gruber, Haering, and Nasmyth 2003). Mutation of REC8
leads to the loss of sister chromatid cohesion. In addition to the core components,
the complex also contains the accessory subunits, including precocious dissociation
of sisters 5 (PDS5) and wings apart-like (WAPL), which regulate both the association
and dissociation between cohesin and chromatin. Pds5 is required for the acetylation
of the SMC3 subunit by Chromosome Transmission Fidelity 7 (CTF7) to close the
cohesion ring, and also the maintenance of stable interaction between the cohesin
complex and chromosomes (Vaur et al. 2012; Rolef Ben-Shahar et al. 2008;

Lengronne et al. 2006).

Cohesin is loaded to chromosomes during the G1 phase of the cell cycle by the
cohesin loader SCC2-SCC4 complex, which is required for the cohesion establishment
but not maintenance after DNA replication (Ciosk et al. 2000; Petela et al. 2018;
Watrin et al. 2006). The process of two rounds of chromosome segregation during
meiosis relies on both the stepwise release of sister chromatid cohesion and
kinetochore orientation. The cohesin complex is released from the chromosome
arms by the cohesin dissociation factor WAPL in meiosis | but remains at the

pericentromeric region during meiosis |. The Shugoshin-PP2A complex protects the

23



pericentromeric cohesion until anaphase Il to allow the segregation of sister
chromatids (Hara et al. 2014; De et al. 2014). In mitosis, Sororin can bind to PDS5 to
counteract the release factor Wapl to prevent the premature release of sister
chromatid cohesion (Nishiyama et al. 2010; Kueng et al. 2006). SWITCH1 (SWI1)
functions as the inhibitor of Wapl during meiosis in Arabidopsis (Yang et al. 2019)
(Figure 1.7). So, the cohesin complex is essential for chromosome segregation.
Besides, the cohesin complex is also involved in DNA break repair, genome stability,
chromatin structure, and gene expression (Makrantoni and Marston 2018;
Bolanos-Villegas et al. 2017; Litwin, Pilarczyk, and Wysocki 2018; Suja and Barbero
2009). However, whether and how they regulate gene expression during meiosis are

not clear in Arabidopsis.

Interphase and early prophase | Late prophase |

o=

WAFL * 2685 proteasome

Figure 1.7. The regulation of cohesin during meiosis in Arabidopsis. The cohesin
core components SMC1, SMC2, and SCC1 in mitosis which is replaced by RECS8 in
meiosis can form a tri-partite ring. The SMC3 subunit can be acetylated by CTF7 to
close the cohesin ring. This complex is loaded to the chromosomes by the SCC2-SCC4
loader to entrap the sister chromatids together. In early prophase I, SWI1, the
inhibitor of WAPL, can bind to PDS5 to prevent the release of the cohesin complex. In
late prophase |, the ubiquitination of SWI1 leads to its release, allowing the binding
of WAPL1 to PDS5. Cohesin dissociation factor WAPL leads to the release of cohesin

from chromosome arms (Yang, C et al., 2019).
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1.4 Aims of the study

Meiosis is a crucial process for reproduction in eukaryotes. Reduced H3K9me2 levels
lead to CO activation at the pericentromeric region during meiosis yet without
affecting chromosome segregation and nuclear division, suggesting normal meiosis
progression does not reply on correct H3K9me2 deposition. However, it is unclear
whether removing H3K9me2 is required for meiosis. So, one of my project aims is to
examine the role of eliminating H3K9me2 in Arabidopsis meiosis. In this part, | have
three main points to address. First, whether H3K9me demethylation is required for
the proper meiosis process. Second, as a silencing mark, whether H3K9 methylation
is also involved in meiotic gene expression. Third, the downstream of H3K9
demethylation activates gene expression. So, | started with the H3K9 demethylases
mutants ibm1 and jmj27 to study their functions in Arabidopsis male meiosis. After
confirming the morphological, cytological, and molecular phenotypes of ibm1 and
jmj27 in meiosis, | continued to look for the interactors that activate gene expression
coupled with histone demethylation. The cohesin complex is involved in DNA repair,
condensation, and gene expression in addition to its traditional function in sister
chromatid cohesion to hold sister chromatids together until their segregation.
However, the exact mechanisms of cohesin regulating gene expression are unknown
in Arabidopsis. Our results may explain the possible mechanism of how the cohesin

complex regulates gene expression in meiosis and mitosis.

In addition to the function of H3K9 demethylation in meiosis, | also want to know
whether it is also essential for other reproductive processes. In the second part, |
want to address two main questions. First, is H3K9 demethylation required for
tapetum development? Second, how are H3K9 demethylases specifically recruited to
their substrates? | also used the ibm1 and jmj27 mutants for the study. Transcription
factors (TFs) are involved in the recruitment of histone methyltransferases and
demethylases in many organisms from animals to plants. Here, | will explore whether
the TFs are involved in the recruitment of IBM1 and JMJ27 during anther
development. Our results will explain how the TF regulates gene expression in more

detail.
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2 Materials and methods

2.1 Plant Materials and Growth Conditions

The Arabidopsis thaliana accession Columbia (Col-0) and WS-2 were used as
wild-type references. The T-DNA insertion lines SALK_035608 (ibm1-4), SALK_092672
(jmj27-2), SALK_ 152147 (ams), SALK_136296 (msh4), SAIL_873 C08 (rad51), were
obtained from Nottingham Arabidopsis Stock Center (NASC), pds5abce (PDS5A:
SALK 114556, PDS5B: SALK_ 092843, PDS5C: SALK 013481, PDS5E_SAIL 287 _DO07)
was kindly provided by Prof. Dr. JuanL. Santos, SAIL_807_B08 (rec8) was kindly
provided by Prof. Dr. Arp Schnittger, Salk_146172 (spo11-1-3) and mus81 were kindly
provided by Dr. Stefan Heckman. Seeds were treated at 4°C for three days before
sowing on the soil or surface-sterilized in 70% (v/v) ethanol containing 0.1% (v/v)
Triton X-100 for 10 minutes, rinsed with 95% ethanol for three times before sowing
on the MS plates (% MS, 1% sucrose, 0.8% plant agar), and kept the plates at 4°C for
three days to germinate synchronously before moving them to the light. All plants
were cultured in the greenhouse with a 16 h light/8 h dark photoperiod at 22°C with
the light intensity of 115 pmol-m-2-s-1 and humidity of 70%.

2.2 In vivo histone demethylation assay
The protocol used for in vivo histone demethylation assay was previously described

by Lu F et al, (Lu et al. 2010). Briefly vectors containing
35S:JMJ25/IJMJ26/IMJ27/IMJ28-GFP  were transformed into  Agrobacterium
tumefaciens (A. tumefaciens) strain GV3101, and infiltrated into Nicotiana
Benthamian (N. Benthamian) leaves together with Agrobacterium cells harboring HC
protein plasmids. The N. Benthamian leaves were harvested after 48 hours injection
and cut into small pieces. The leaves were then fixed in cold 4% paraformaldehyde in
Tris-HCI buffer (10mM Tris pH7.5, 10mMEDTA and 100mM NacCl,) for 20 minutes
followed by washing with ice-cold Tris-HCl buffer twice for 10 minutes each. Nuclei
were isolated by chopping leaves in LBO1 buffer (15mMTris-HCI pH7.5, 20mM NacCl,
2mM EDTA, 80mM KCl, 0.5mM spermine, 0.1% TritonX-100) and filtered through a
30-um Cell Trics filter (Sysmex, Germany). The filtered nuclei were 1:3 diluted with
sorting buffer (100mM Tris pH7.5, 50mM KCIl, 2mM MgCl, 2, 0.05% Tween 20, 5%
sucrose), and spotted onto microscopy slides to air-dry. The slides can be stored at
-20°C or continued to the next step. Post-fixation the slides with 4%
paraformaldehyde for 15 min at RT in PBS buffer (10 mM sodium phosphate, pH 7.0,
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143 mM NaCl), and wash twice with PBS for 5 minutes each. Blocking the slides with
4% BSA for 30 minutes at 37°C in a moist box following by primary antibody
incubation and secondary antibody incubation (all diluted in 1% BSA, 0.1% tween, 1x
PBS). After the immune, slides were mounted with 2 pg/ml DAPI. Antibodies used in
this experiment: anti-GFP (A11122, Invitrogen, 1:100), anti-H3K9m2 (C15410060,
Diagenode, 1:500), anti-GFP nanobody with c-myc was kindly provided by Prof. Dr.
Andreas Houben. Alexa Fluor 488 Goat anti-Mouse IgG1 Secondary Antibody
(A21121, Invitrogen, 1:100), Alexa Fluor 568 Goat anti-Rabbit IgG (H+L) Secondary
Antibody (A-11029, Invitrogen, 1:100). The signals were detected by the confocal
microscope, LSM780 (Zeiss).

2.3 Chromatin Immunoprecipitation (ChIP) followed by qRT-PCR or sequencing
(ChIP-seq)

Around 0.5 g closed buds were used for one replicate to perform the Chip. To map
the IBM1 targets, | used three independent pIBM1:IBM1-GFP/ibm1-4 transgenic lines
that can complement the ibm1-4 phenotypes for libraries preparation. Chip assay
from cross-link to chromatin shearing was previously described by Lambing, et al
(Lambing et al. 2020) with minor modifications. Briefly, the closed buds were firstly
collected in ligquid nitrogen and grind to fine powder. 6 ml of nuclei isolation buffer
(1M sucrose, 5mM KCI, 5mM MgCl,, 5 mM EDTA, 60 mM Hepes pH 8.0, 0.6% Triton
X-100, 0.4 mM PMSF, 1 uM pepstatin A, Protease Inhibitor Cocktail (one tablet
dissolved in 5 ml H20 as 20X stock solution)) and 170 pl of 37% formaldehyde
solution were added to each sample. Incubating the sample on a Thermo roller mixer
(cat number) at 12rpm for 25 min at room temperature, and stop the cross-link by
adding 400 ul 2M glycine to a final concentration of 130 mM for another 25 min.
When Disuccinimidyl glutarate (DSG) was used, tissue was firstly treated with 2 mMm
DSG for 25 min and then 1% formaldehyde for another 25 min. After the isolation of
nuclei, the chromatin was sonicated firstly with Nuclei lysis buffer (50mMTris—HCI, pH
8.0, 10 mM EDTA, 1% SDS, 0.1 mM PMSF, 1 uM pepstatin A, Protease Inhibitor
Cocktail (20X stock solution)) to obtain the desired DNA fragment (size enriched at
300 bp) by a Bioruptor® Plus sonication device. The following procedures were
described by Moreno-Romero et al. (Moreno-Romero et al. 2016). After the
de-crosslinking, DNA was purified according to the manual of [Pure kit v2 Kit

(C03010015, Diagenode). For Chip-seq libraries, 2-4 ng purified DNA was used and
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the libraries were prepared using NEBNext® Ultra™ Il DNA Library Prep Kit (E7645).
NEBNext Sample Purification Beads (#E7103) was used to purify the DNA. The
antibodies used for Chip-gPCR or Chip-seq: anti-H3 (H9289, Sigma), anti-H3K9me2
(C15410060, Diagenode), and anti-GFP (A11122, Invitrogen).

2.4 RNA extraction followed by qRT-PCR or sequencing (RNA-seq)
Total RNA was isolated using MagMAX™ Plant-RNA-Isolations kit (A33784, Thermo

Fisher) for gRT-PCR and RNeasy Plant Mini Kit (74904, Qiagen) for RNA-seq according
to manufacturer’s instructions. 2 pg total RNA was used to synthesis the second
strand DNA using the cDNA Synthesis kit (Thermo Fisher, K1612). Two biological
repeats were conducted. 4ng total RNA was used to prepare the RNA-seq libraries
using the VAHTS mRNA-seq V3 Library Prep Kit for Illumina kit (NR611-01, Vazyme).
Libraries were sequenced at Novogene, UK. Two biological replicates were prepared
for each genotype, and at least 15 million reads were produced for each sample.
Produced reads were mapped to TAIR10 Col-0 genomes with HISAT2 (Kim et al. 2019).
DEGs were analyzed via the Subread (Liao, Smyth, and Shi 2019) and DESeqg2 R
packages (Love, Huber, and Anders 2014) with a 0.05 false discovery rate (FDR), and 2
log FC cutoff. Volcano plot and heatmap of DEGs were generated by TB tools (Chen et
al. 2020).

2.5 Cytological analysis

Chromosome spreading was performed according to the following procedures as
described by Wang, et al (Wang et al. 2014). Immunolocalization was performed as
previously described (Higgins et al. 2004) with minor modification. Briefly, anthers
with appropriate size were digested with digestion buffer for 10 min and squashed
with brass rod, the squashed samples were digested again for 10 min. 2% Lipsol
solution was used to do the spread preparation. The meiocytes were fixed with 4%
paraformaldehyde for 2 h, and immunostaining procedure was performed. The slides
were washes in series ethanol 70%, 85%, and 100% ethanol for 2 min each before
DAPI was used. Primary antibodies for anti-ASY1 and anti-ZYP1 were used with 1:100
dilution, and these antibodies were kindly provided by Dr. Stefan Heckmann in IPK.
Secondary antibodies are the following: goat anti-rab Alexa Fluor 488 (Invitrogen),
Alexa Fluor 568 Goat anti-Rabbit 1gG (H+L) Secondary Antibody (A-11029, Invitrogen,
1:100). Slides were observed using Zeiss LSM780. Fluorescence in situ hybridization

(FISH) was performed according to Lauriane et al., 2018 with minor modifications
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(Simon and Probst 2018). The method to release meiotic cells was the same as
chromosome spreading, and the cell suspension was covered with cover-slip by 45
degrees. Place the slides in a -80°C refrigerator for at least 10 min, and remove the
cover-slip with a razor quickly. Leave the slides to air dry at room temperature before
adding 70% formamide (dissolved in 2x SSC). Put the slides on a hot set at 95°C for
5-10 min. Remove the cover-slip and wash the slides with 70%, 90% and 100%
ethanol for 5 min each. The slides must be completely dry after the series washing.
Dilute the LNA-DNA mixer probe to 1 uM and add 30 pL probe to each slide. Heat the
slide at 80 °C for 1 min, and incubate the slides in a moist box at 55 °C for 90 min.
Wash the slides twice with the following buffer 2x SSC, 0.75x SSC, and 2x SSC-0.1 %
Tween 20 for 5 min each. Add 10 pL DAPI to the slides and observe them with the
microscope. The LAN-DNA probe was labelled with FAM that had similar excitation
and emission with EGFP and can be detected in the GFP channel. The pictures were

processed with image J.

2.6 Yeast two-hybrid assays
For yeast two-hybrid screening, full-length coding sequences of IBM1 and JMJ27

were cloned into TSK108, and the gateway LR reaction was performed to integrate
the entry vectors into the pGBKT7-GW terminal vector. The Arabidopsis cDNA library
was kindly provided by Prof. Dr. Binglian Zheng. The screening was performed
according to the manual of Clontech Matchmaker GAL4 Two-Hybrid System 3
&Llibraries. Briefly, the full-length coding sequence of AMS was cloned into TSK108,
and integrated into the pGADT7 terminal vector by the gateway LR reaction. AD-SSC3,
PDS5A, PDS5B, PDS5C, and PDS5E were kindly provided by Prof. Arp Schnittger. Yeast
two-hybrid assays were performed according to the Matchmaker GAL4 Two-Hybrid
System 3 manual (Clontech). The bait and prey vectors were co-transformed into
yeast AH109 strain and incubated on SD/-Leu -Trp solid medium plates for two to
three days. The same amount of yeast cells were resuspended in 0.9% NaCl and
diluted by 10x, 100x after washing three times. The 1x, 10x, and 100x yeast cells
were then plated on SD/-Leu -Trp, and SD/-Leu -Trp -His plates to test the interaction

between the bait and prey proteins.

2.7 Pollen viability assay
The pollen viability assay was performed according to the Peterson staining method
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(Peterson, Slovin, and Chen 2010). The flower buds were fixed in Carnoy’s fixative (3
alcohol: 1 acetic acid) for at least 2 hours. The mature flower buds containing
dehiscent anthers were dissected under a binocular and dipped in staining solution
(10% ethanol, 0.01% malachite green (dissolved in alcohol), 25% glycerol, 0.05% acid
fuchsin, 0.005% orange G, 4% glacial acetic acid). The microscope slide containing the
anthers was heated over an alcohol burner to boiling for 90 seconds (Peterson, Slovin,

and Chen 2010). The slide was imaged using the light microscope SMZ1500 (Nikon).

2.8 Bimolecular Fluorescence Complementation assay (BiFC)
The BiFC assay was previously described by Martin et al (Martin et al. 2009). Briefly,

the full-length coding sequences of IBM1 and JMJ27 were amplified from cDNA and
cloned intoTSK108, and the gateway LR reaction was performed to integrate them
into pSITE-nEYFP-N1. pDONA223-PDS5C and pDONA223-PDS5E were kindly provided
by Prof. Dr. Arp Schnittger and were integrated into the pSITE-cEYFP-C1 destination
vector through the Gateway LR reaction. A. tumefaciens strain GV3101 containing
the desired target genes was infiltrated into N. Benthamian leaves at a concentration
of OD600=0.8. The YFP signal was imaged 48 hours after infiltration using Zeiss
LSM780. H3.3 was used as the marker protein of the nuclei. The number of nuclei

with RFP and GFP signals was calculated.

2.9 Construction and transformation

To complement ibm1-4, 1125bp promoter sequence upstream of the translation start
site (TSS) of IBM1 and 3084 bp CDS sequences were cloned into TSK108 using the
primers listed in Table S1. The artificial microRNAs (amiRNAs) method was used to
knock down the expression of IBM1. The primers used to produce the specific miRNA
were designed by the WMD3-Web  MicroRNA  Designer  website
(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Help#procedure), and the
fragments were amplified following the protocol by Rebecca Schwab. The constructs
were then integrated into terminal vectors through the gateway LR reaction. The A.
tumefaciens strain GV3101 containing the desired target genes were transformed
into plants by floral dipping (Peterson, Slovin, and Chen 2010). Positive transgenic

plants were selected on MS plates with proper antibiotics.

2.10 Co-immunoprecipitation (Co-IP)
35S: IBM1-GFP and 35S:PDS5E-3Flag or 35S:REC8-3Flag are Co-infiltrated into N.
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Benthamian leaves at a concentration of OD600=0.8. Collect the samples after 72
hours of incubation, and grind the samples in liquid nitrogen. The same amount of
tobacco leaves without any injection was used as a control. Homogenize the sample
with three volumes of protein IP buffer (50 mM Tris HCI pH 7.5, 150 mM NaCl, 5 mM
MgCl2, 0.1% NP-40, 0.5 mM DTT, 10% glycerol, 1 mM PMSF, 1 ug/ uL pepstatin,
proteinase inhibitor cocktail (Roche, 11836145001)), and incubate the samples on ice
for 20 min. The samples were centrifuged at 4000 rpm for 10 min at 4 °C, and the
supernatant was filtered with miracloth. The Anti-FLAG M2 magnetic beads (M8823,
Sigma) was prewashed twice with IP buffer for 5 min each. The supernatant with
FLAG antibody was incubated for 3 h at 4°C. Beads were collected and washed five
times with IP buffer for 5 min each. Resuspend the beads in PBS and boil at 95 °C for
10 min. Western blotting was performed with anti-GFP(B-2) antibody (SANTA CRUZ
sc-9996, 1:50) and anti-FLAG antibody (F1804, Sigma, 1:1000).

2.11 Affinity Purification Mass Spectrometry (AP-MS)
The coding sequence of IBM1 was fused to a C-terminal GS tag by digesting both the

fragment and vector with Sall and BamHI for affinity Purification. The AP-MS
experiment was performed following the published procedures (Antosz et al. 2017).
A protein score of minimum 80 and at least two peptides found with an individual
ion score of =25 were considered as criteria for reliable protein identification.
Unfused GS tag bait protein was used as the control to subtract the contaminating
proteins. Background proteins were filtered out based on 543 affinity purifications

with 115 bait proteins, mainly from PSB-D cells (Van Leene et al. 2015).
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3 Results

3.1 H3K9 demethylation is required for meiosis in Arabidopsis

3.1.1 The mutation of IBM1 leads to enlarged or collapsed pollen

H3K9me2, a hallmark of heterochromatin, is required at the early stage of meiosis,
especially at prophase I. In mammals, loss of H3K9 methylation leads to a disordered
progression of synaptonemal complex formation, causing severe defects (Tachibana
et al. 2007). In plants, loss of H3K9 methylation in Arabidopsis results in the
activation of chromosome recombination at pericentromeric regions, but the meiotic
progression is largely normal (Underwood et al. 2018), indicating that meiosis is
tolerant of losing H3K9me2 in Arabidopsis. In this part, | will use the mutant of an
H3K9 demethylase, ibm1, to explore the role of H3K9 demethylation in Arabidopsis

meiosis.

IBM1, a JmjC domain-containing protein (Figure 1A), is shown to be an active H3K9
demethylase. The mutation of IBM1 leads to various developmental defects,
including narrowed leaves, late flowering, and reduced fertility (Figure 1B) (Miura et
al. 2009; Saze et al. 2008). | first confirmed its demethylase activity by
immunostaining in Nicotiana benthamiana (N. benthamiana) leaves. Agrobacterium
tumefaciens (A. tumefaciens) strain GV3101 harboring the 35S:IBM1-GFP plasmid
was infiltrated into N. benthamiana leaves. Immunostaining was performed after 48
hours of injection. The nuclei with strong IBM1 expression showed weaker H3K9me?2
signals, and vice versa (Figure 1C), indicating the activity of H3K9me2 removal by
IBM1. Pollen size analysis showed that ibm1 produced collapsed and enlarged pollen
that is usually derived from abnormal meiosis (Figure 1D). | further detected the
pollen viability of wild type Col-0 and ibm1 by Alexander staining, in which the viable
pollen should be stained with pink whereas the collapsed pollen with green. The
pollen in Col-0 were all stained pink, but a lot of pollen were stained with green in

ibm1, indicating that many pollen were collapsed in ibm1 (Figure 1E).
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Figure 1. Phenotypes of WT Col-0 and ibm1 mutants during plant development. (A) A diagram
of the IBM1 protein structure, the box indicates its JmjC domain. (B) Morphology of WT Col-0 and
ibm1-4 4-week after sowing. Bar, 1 cm. (C) Immunostaining showing the H3K9me2 demethylase
activity of IBM1. IBM1-GFP was over-expressed under the control of 35S promoter in N.
benthamiana leaves. White arrows indicated nuclei that over-expressed the IBM1 protein;
yellow arrows indicated the control nuclei without IBM1-GFP expression. DAPI staining (blue) was
used to indicate the nuclei, H3K9me2 signal was visualized under RFP channel and IBM1-GFP
signal under the GFP channel. (D) Mature pollen of wild type Col-0 and ibm1. Red arrows
indicated the collapsed or enlarged pollen. Bar, 10 um. (E) Alexander staining of WT and ibm1

mutants. Bar, 50 um.

3.1.2 The ibm1 mutants produced abnormal microspores

To explore whether the meiosis defects led to the production of enlarged pollen in
ibm1, | further analysed meiotic products at the tetrad stage in Col-0 and ibm1 by
toluidine blue staining. ibm1 homozygous plants were isolated from the
heterozygous F2 population. The ibm1 mutant produced dyads, triads, and polyads
besides tetrads, in contrast to Col-0 that only produced tetrads containing four
microspores with equal size (Figure 2A). Quantification analysis showed that the
ibm1 mutant produced around 25% abnormal meiotic products at the tetrad stage

(Figure 2B).
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Figure 2. Meiotic products of Col-0 and ibm1 mutants at the tetrad stage. (A) Toluidine blue
staining of microspores at tetrad stage of Col-0 and ibm1. Bar, 10 um. (B) Quantification of

meiotic products at the tetrad stage in A.

The phenotypes of ibm1 rely on DNA methyltransferase CMT3 and histone
methyltransferase KYP, and the mutations of CMT3 and KYP can rescue the
developmental defects in ibm1 (Saze et al. 2008). Therefore, | introduced kyp or cmt3
into ibm1 to create the double mutants, to test if meiosis defects of ibm1 were also
rescued in the double mutants. The whole development phenotypes of the double
mutants were similar to Col-0 (Figure 3A), and meiotic products at the tetrad stage
also exhibited a similar phenotype to Col-O (Figure 3B). These results indicated that

ectopic H3K9me2 led to the meiosis defects in ibm1.
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Figure 3. Complementary analysis of the ibm1 kyp and ibm1l cmt3 double mutants. (A)
Morphology of Col-0, ibm1, and the double mutants 5-week after sowing. Bar, 1 cm. (B) Toluidine

blue staining of meiotic products at tetrad stage of Col-0, ibm1, and the double mutants.

3.1.3 IBM1 and JMJ27 were functionally redundant

Given that the meiosis defects in ibm1 were pretty weak, | further tested whether
IBM1 is functionally redundant with other H3K9 demethylases. Twenty-one jmjC
domain-containing proteins are predicted to function as histone demethylase in
Arabidopsis (Lu et al. 2008). The KDM3/JHDM?2 subgroup, including JMJ24 to JMJ29,
is predicted to be H3K9me demethylases. All six proteins contain the JmjC domain,
and some of them also harbor the zinc finger domain (Figure 4A). Among them,
JMJ24 didn’t harbor the cofactors binding sites, so it was shown to be an inactive
demethylase (Deng et al. 2016). The demethylase activity of IBM1 and JMJ27 have
been confirmed in vitro and/or in vivo (Dutta et al. 2017). Hence, | first detected the

demethylase activity of JMJ26, IMJ27, and JMJ28 in N. benthamiana. The results
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showed that the nuclei with strong JMJ proteins expression showed weak H3K9me?2
signals while the nuclei with weak JMJ proteins expression showed strong H3K9me2

signals, indicating these proteins indeed remove H3K9me2 marks (Figure 4B).
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Figure 4. JmjC domain-containing KDM3/JHDM2 group members. (A) Phylogenetic tree of
KDM3/JHDM2 group (left) and diagrams of the proteins structure of this group members. (B)
Immunostaining of the H3K9m2 demethylase activity of JMJ26/IMJ27/IMJ28. They were
over-expressed under the control of 35S promoter in tobacco leaves. White arrows indicate
nuclei with robust JMJ expression, and yellow arrows indicate nuclei with weak JMJ expression.
DAPI staining (blue) showed the nuclei, H3K9m2 signal was visualized under the RFP channel, and

IMJ26/IMJ27/IMJ28 -GFP signal under the GFP channel.

As JIMJ26/IMJ27/IMJ28 also possesses H3K9me demethylase activity. Therefore, |
further crossed these mutants with ibm1 to detect the phenotypes of double
mutants. | used the ibm1 jmj27 mutant in my following study. The jmj27 mutant is

early flowering (Dutta et al.,, 2017) but WT-like in reproduction (Figure 4). When
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jmj27 was introduced into ibml, the double mutant showed more severe
phenotypes, including late flowering (not shown), shorter siliques, and completely
sterility (Figure 5A-D).

A Col-0 ibm1 jmj27

Col-0 jmj27 ibm1 C
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Figure 5. Phenotypes of Col-0, jmj27, ibm1, and ibm1jmj27 during plant development. (A)
Morphology of Col-0, jmj27, ibm1, and ibm1-4 jmj27 4-week after sowing. Bar, 1 cm. (B) Mature
pollen of Col-0, jmj27, and ibm1. ibm1-4 jmj27 was sterile. Bar, 10 um. (C) Slique morphology of
Col-0, jmj27, ibm1, and ibm1-4 jmj27. Bar, 0.1 cm. (D) Alexander staining of Col-0, jmj27, ibm1,

and ibm1-4 jmj27. Bar, 50 um.
| further detected the meiotic product of ibm1 jmj27 at the tetrad stage. Most of the

meiotic products in ibm1 jmj27 are polyads, indicating more severe meiosis defects

in ibm1 jmj27 (Figure 6A-B).
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Figure 6. Microspores of Col-0, jmj27, ibm1, and ibm1 jmj27 at tetrad stage. (A) Toluidine blue
staining of microspores at tetrad stage of Col-0, jmj27, ibm1, and ibm1 jmj27 plants. Bar, 10 um.

(B) Quantifications of the microspores at the tetrad stage in A.

To confirm whether the mutation of IBM1 and JMJ27 caused the meiotic phenotypes,
| performed the complementation analysis with the full-length coding sequence of
IBM1 fused with a GFP-tag driven by the native promoter (Pro/IBM1:1BM1-GFP).
ProlBM1:1BM1-GFP rescued the reduced fertility and abnormal meiotic products in
both the ibm1 and ibm1 jmj27 backgrounds (Figure 7A and B). IBM1 expression was
nearly undetectable in ibm1 but was recovered to Col-O levels in the transgenic
plants  (Figure 7C). Toluidine blue staining results showed both
ProlBM1:1BM1-GFP/ibm1 and ProlBM1:1BM1-GFP/ibm1 jmj27 meiotic products at
tetrad stages were recovered (Figure 7D). These results validated that the mutation

in IBM1 was the cause of the meiosis defects.
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Figure 7. Phenotypes of ibml and ibm1 jmj27 rescued lines. (A) Morphology of Col-0 and
rescued lines of jbml1 and ibmil-4 jmj27 driven by the native IBM1 promoter
(ProlBM1:1BM1-GFP/ibm1 and ProlBM1:IBM1-GFP/ibm1 jmj27) 4-week after sowing. Bar, 1 cm. (B)

Slique morphology of Col-0 and rescued lines. Bar, 0.1 cm. (C) gRT-PCR to detect the relative
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expression of IBM1 in ibm1 and rescued lines. (D) Toluidine blue staining of microspores at tetrad
stage of Col-0 and rescued lines. ProlBM1:IBM1-GFP (1) and ProlBM1:IBM1-GFP (2) represent

two independent transgenic lines.

Considering that IBM1 and JMJ27 are H3K9me demethylases, | hypothesized that the
loss of IBM1 and JMJ27 led to increased H3K9me2 levels, resulting in severe meiosis
defects. If this is the case, removal of H3K9me2 in ibm1 jmj27 may rescue the
meiosis defects. Therefore, | introduced kyp and cmt3 into ibm1 jmj27. The results
showed that only cmt3 could rescue the phenotypes of ibm1 jmj27 (Figure 8). There
are another two H3K9 methyltransferases, SUVH5 and SUVHS6, in Arabidopsis (Stroud
et al. 2013). Therefore, SUVH5 and SUVH6 maybe also function in this phenotype.
Our results are consistent with the previous study showing that the mutation of KYP
cannot rescue the phenotype of jmj27 responding to drought stress (Wang et al.

2021).
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Figure 8. Phenotypes of ibm1 jmj27 kyp and ibm1 jmj27 cmt3 triple mutants. (A) Morphology of
Col-0, ibm1 jmj27, and the triple mutants ibm1-4 jmj27 kyp and ibm1-4 jmj27 cmt3 4-week after
sowing. Bar, 1 cm. (B) Toluidine blue staining of microspores at tetrad stage of Col-0, ibm1 jmj27,

and the triple mutants ibm1-4 jmj27 kyp and ibm1-4 jmj27 cmt3.

3.1.4 The ibm1 and ibm1 jmj27 mutants showed multiple defects in meiosis

| further performed chromosome spreads from Col-0 and ibm1 pollen mother cells
(PMCs) stained with 4’, 6-diamidino-2-phenylindole (DAPI) to investigate the defects
of ibm1 in meiosis. In Col, homologs pair at early prophase I, and the homologs
synapsis finishes at pachytene, forming thick thread-like structures (Figure 9A). Five

pairs of highly condensed bivalents were observed at diakinesis (Figure 9B). The
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paired homologous chromosomes were kept together through chiasmata at
crossover sites until their segregation at anaphase | (Figure 9C and D). The
chromosome behavior was similar between Col and ibm1 at the early stage (Figure
9E and F). However, some homologs were segregated earlier at metaphase | in ibm1
(Figure 9G). Besides the univalent formation at metaphase | in ibm1, the chiasmata
number was also affected. Chiasmata, a structure formed after crossover occurs,
were reduced from 9.3 per cell in Col-0 to 5.9 per cell in ibm1 (Figure 9Q and R),
indicating that crossover was inhibited or redistributed in ibm1. The homologs were
segregated to opposite poles in Col anaphase | (Figure 9D). However, the segregation
was partially disordered in ibm1, and chromosome lagging occurred (Figure 10H).
Sister chromatids in Col segregated in meiosis I, forming four equal-sized
microspores (Figure 10 I-L). In contrast, the ibm1 meiocytes showed chromosome
lagging at metaphase Il (Figure 9N), and more than four microspores were produced

(Figure 9P), suggesting that IBM1 is required for the proper meiotic process.
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Figure 9. Chromosome morphology of Col-0, ibm1, and ibm1l jmj27 male meiocytes.
Chromosome spreads of Col-0 and ibm1 male meiocytes. Red arrows indicate the defects in

synaptic, chromosomal fragments or univalent in ibm1. (Q) Homologous chromosomes at
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metaphase | in ibm1. (R) Chiasmata number in Col-0 and ibm1.

| further observed the meiotic process in ibm1 jmj27. At pathytene, the chromosome
behaved similarly in ibm1 jmj27 and Col-O (Figure 10A). However, univalent was
observed frequently at diakinesis in ibm1 jmj27 (Figure 10B) compared to Col that
only formed five bivalents (Figure 9B). Subsequently, chromosome alignment at
metaphase | and segregation at anaphase | were disordered in ibm1 jmj27 (Figure
10C and D). | performed fluorescence in situ hybridization (FISH) with a 180 bp
centromeric repeat probe to confirm the phenotype of chromosome segregation in
meiosis |. At pachytene, | observed five centromeric signals in Col-0 (Figure 10E and I),
while more than five but less than ten in ibm1 jmj27 (Figure 10M and Q).
Subsequently, unpaired centromeric signals were observed in ibm1 jmj27 (Figure 10N
and R), which were different from five pairs of centromeric signals at diakinesis in
Col-0 (Figure 10F and J). At metaphase | and anaphase |, centromere signals were
located at opposite poles in Col-0 (Figure 10G, H, K, and L), while centromeric signals
were retained at the equatorial region in ibm1 jmj27 (Figure 100, P, S and T).

Therefore, IBM1 and JMJ27 are required for bivalent formation in male meiosis.
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Figure 10. Chromosome morphology of ibm1 jmj27 male meiocytes. (A-D) Chromosome spreads
of ibm1 jmj27 male meiocytes in meiosis |. Red arrows indicated the univalent or chromosomal
fragments in ibm1 jmj27. (E-T) Fluorescence in situ hybridization (FISH) of Col-0 (E-L) and ibm1
jmj27 (M-T) using a centromere 180 repeat probe. White arrows indicated the univalent or

chromosomal fragments in ibm1 jmj27.

To explore the meiosis-specific function of IBM1 and JMJ27, | used an artificial miRNA
(amiRNA) strategy to knockdown their expression in meiotic cells and explore their
function in meiosis. First, | examined the amiRNA efficiency by expressing the
amiRNA driven by the UBQ promoter, and 23 positive transformants were obtained

for further analysis. Eight lines were randomly selected to test the relative expression
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of IBM1 in the transgenic plants using qRT-PCR. Most of the lines reduced the
expression level of IBM1 to around 30% (Figure 11A). Among them, line 1 and line 18
showed the lowest IBM1 expression levels, and both of them showed poor fertility
like the ibm1 mutant (Figure 11B). | replaced the UBQ promoter with different
meiosis-specific promoters, including DMC1, SWI1, and REC8. As a positive control, |
knocked down REC8 with amiRNA driven by the native promoter. After
transformation, more than 40 transformants for each line were generated. However,
all four lines showed normal fertility (Figure 11C). The toluidine blue staining of the
microspores at the tetrad stage also showed the same results as the WT (data not
shown), in contrast to the complete sterility in the rec8 mutant (Bai et al., 1999).
Thus, amiRNAs are probably not sufficient to specifically knockdown genes in meiotic

cells.
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Figure 11. Morphology of the IBM1 knockdown transgenic plants. (A) The relative expression
level of IBM1 in different transgenic lines. (B) Phenotypes of Col-0, ibm1, and amiRNA-IBM1

transgenic T2 lines 4-week after sowing. (C) Phenotypes of amiRNA-/BM1 transgenic plants that
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were driven by various meiosis-specific promoters. T2 lines were analysed 4-week after sowing.

3.1.5 Many genes obtained ectopic H3K9me2 in ibm1 jmj27

Mutation of IBM1 leads to ectopic deposition of H3K9me2 at numerous gene bodies
in leaf (Inagaki et al. 2017). To explore whether the mutations of IBM1 and JMJ27
also lead to increased H3K9me2 genome-wide in reproductive tissues, | performed
ChlIP-seq with the antibody against H3K9me2. Closed buds with enriched meiocytes
were used for each sample with two replicates. The regions with increased H3K9me2
were mainly located at euchromatin in both ibm1 and ibm1 jmj27, whereas the
regions with decreased H3K9me2 were mainly located at heterochromatin (Figure
12A), in line with the fact that IBM1 mainly removes H3K9me2 from the gene body
(Miura et al. 2009). | compared the distribution of increased H3K9me2 regions
between ibm1 and ibm1 jmj27. 1444 and 8424 regions with significantly increased
H3K9me2 were identified in ibm1 and ibm1 jmj27 (P < 0.05). 56.4 % (815 out of 1431)
and 61.4 % (5174 out of 8424) of these regions located at gene body in ibm1 and
ibm1 jmj27, 25.6 % (369 out of 1431) and 36.4 % (3069 out of 8424) of these regions
located at the promoter region, and only 18.0% (260 out of 1431) and 2.2% (181 out
of 8424) of them located at transposable elements (TEs) region, indicating that gene
body was the main targets of IBM1 and JMJ27 (Figure 12B). The previous result
indicates that longer genes are more severely affected by IBM1 (Miura et al. 2009),
so | examined if it is similar in ibm1 jmj27. Around 10% of genes in Col-0 were longer
than 4 Kb, while about 70% in ibm1 and 40% in ibm1 jmj27 (Figure 12C). Hence,

longer genes were more affected in both ibm1 and ibm1 jmj27.
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Figure 12. H3K9me2 ChIP-seq analysis. (A) Genome browser views of ijbm1 and ibm1 jmj27
hypermethylated regions and hypomethylated regions. Each sample had two replicates. (B) Pie
charts show the distribution of hypermethylated regions at genes, promoters, and TEs in ibm1
(left) and ibm1 jmj27 (right). Numbers and percentage of each category were indicated. (C) The
distribution of length of all genes in Col-0 (left), and hypermethylated genes in ibm1 (middle) and

ibm1 jmj27 (right).

As IBM1 and JMJ27 are functionally redundant in meiosis, | further explored whether
H3K9me2 was enhanced in ibm1 jmj27 compared to ibm1. ibm1 jmj27 acquired 8659
hypermethylated genes, higher than 912 in ibm1 (Figure 13). These genes showed
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higher H3K9me?2 levels in ibm1 jmj27 compared to ibm1 (Figure 13C and D).
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Figure 13. H3K9me2 levels in ibm1 and ibm1 jmj27. (A) Box plot (right) showing H3K9me?2 levels
of ibm1 hypermethylated in Col-0 and ibm1. (B) Metagene plots showing z-score normalized
H3K9me2 in Col-0 and ibm1. (C) Box plot (right) showing H3K9me2 levels of ibm1 jmj27
hypermethylated in Col-0, ibm1, and ibm1 jmj27. (D) Metagene plots showing z-score normalized

H3K9me2 in Col-0, ibm1, and ibm1jmj27. ***P<0.001.

In addition to hypermethylated genes, we also identified 4706 transposable elements
(TEs) losing H3K9me2 in ibm1 jmj27 (Figure 14A). Genes essential for RNA-directed
DNA methylation (RADM) are silenced in ibm1 seedlings (Fan et al. 2012). Thus, it is
possible that the loss of DNA methylation was further enhanced in ibm1 jmj27 closed
buds, leading to the decreased H3K9me2 levels through the feedback loop between
CHG methylation and H3K9me2 (Du et al. 2015). Indeed, the expression levels of
multiple genes required for DNA methylation, CLSY1, CLSY4, DCL3, and MET1 were
reduced in ibm1 jmj27 (Figure 14B), indicating the indirect effect of IBM1 and JMJ27
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mutations on the decreased H3K9me2.
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Figure 14. IBM1 and JMJ27 indirect targets. (A) Box plots showing the H3K9me2 levels of ibm1
jmj27 hypomethylated TEs in Col-0, ibm1, and ibm1 jmj27. (B) Relative expression levels of genes
required for DNA methylation in ibm1 and ibm1 jmj27. ***P<0.001.

3.1.6 IBM1 directly bind at targets to remove H3K9me2

To test whether these hypermethylated genes were targeted by IBM1 directly, |
conducted IBM1-GFP ChlP-seq using Pro: IBM1-IBM1-GFP/ibm1 transgenic T2 lines.
Two replicates were performed using two independent T2 lines (Figure 15A). More
than 7000 regions were identified as IBM1-occupied regions at genes (Figure 15B). |
further compared IBM1 binding regions at genes, hypermethylated genes in ibm1,
and hypermethylated genes in ibm1 jmj27. Group 1 genes were occupied by IBM1,
obtaining ectopic H3K9me2 in ibm1, and the increased H3K9me?2 levels were further
enhanced in ibm1 jmj27, while the group 2 genes only gained ectopic H3K9me2 in
ibm1 jmj27 (Figure 15C and D). In addition, around 3000 genes belonging to group 3
were occupied by IBM1 without obtaining ectopic H3K9me2, suggesting that IBM1
acts together with other H3K9 demethylases except IMJ27 to regulate these regions
(Figure 15C and D).
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Figure 15. IBM1 binding sites in the genome. (A) Screenshot of genome-wide IBM1 binding sites.
(B) Venn diagram showing the overlap of IBM1-occupied genes between two independent
replicates.. Numbers of each category were indicated. (C) Venn diagrams showing the overlap
between IBM1 binding regions in genes, hypermethylated genes in ibm1, and hypermethylated
genes in ibm1 jmj27. Numbers of each category were indicated. (D) Box plot showing the

H3K9me2 levels in each group genes indicated in 15C. ***P<0.001.

3.1.7 Genes with ectopic H3K9me2 were downregulated in ibm1 jmj27

| further performed RNA-seq to investigate whether H3K9 hypermethylation led to
gene silencing. Closed buds were used to extract total RNA, and two biological
replicates for each genotype were performed. Numerous differentially expressed

genes (DEGs) were identified in the mutants, represented by volcano plots (Figure
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16A). The ibm1 jmj27 mutant showed more DEGs compared to ibm1 (Figure 16A).
3133 downregulated genes (DGs) were identified in ibm1 and 3661 in ibm1 jmj27.
These DEGs were significantly overlapped between ibm1 and ibm1 jmj27 (Figure 16B).
There were also many upregulated genes in ibm1 and ibm1 jm27 (Figure 16A), and
IBM1 is shown to regulate the expression of RDR2 and DCL3 that are the critical
components of the RNA-directed DNA methylation (RADM) pathway (Fan et al. 2012),
suggesting that these upregulated genes (UGs) in ibm1 jmj27 were not directly
regulated by IBM1 and JMJ27.
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Figure 16. RNA-seq analysis. (A) Volcano plots of DEGs in ibm1 (left) and ibm1 jmj27 (right). The
X-axis and Y-axis represent log2FC and the statistical significance as the negative log10 (p-value).
The red dots represent significantly upregulated genes; the blue dots represent the significantly
downregulated genes, and no-changed genes with grey dots. (B) Venn diagrams showing the

overlap of downregulated genes (DGs) between ibm1 and ibm1 jmj27 (upper) and upregulated
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genes (UGs) between ibm1 and ibm1 jmj27 (lower).

To explore whether silenced genes obtained ectopic H3K9me2 in the mutants, |
analysed the overlap between the genes with differential H3K9me2 levels and the
genes with differential expression in ibm1 and ibm1 jmj27. Hypermethylated genes
were significantly overlapped with downregulated genes in both ibm1 and ibm1
jmj27 (Figure 17A and C). However, there was no overlap between hypomethylated
genes and upregulated genes in both ibm1 and ibm1 jmj27 (Figure 17B and D),
indicating that these upregulated genes were not the direct targets of IBM1 and
JMJ27. These results were coincident with the functions of IBM1/JMJ27 in H3K9me?2

removal to protect genes from silencing.
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Figure 17. Overlap between H3K9me2 methylation and gene expression. (A, C) Venn diagrams
showing the overlap between hypermethylated gene regions and downregulated genes in ibm1
(A) and ibm1 jmj27 (C). (B, D) Venn diagrams showing the overlap between hypomethylated
genes and upregulated genes in ibm1 (B) and ibm1 jmj27 (D). The P-value was calculated by the
hypergeometric test, and the sample size of n=33547 (the number of annotated protein-coding

genes in the Arabidopsis genome) was used.

3.1.8 Meiosis essential genes were downregulated with increased H3K9me2 levels
inibm1 jmj27
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To explore whether H3K9 hypermethylation silenced meiosis-essential genes, leading
to meiosis defects in ibm1 and ibm1 jmj27, | further analysed the expression levels of
meiosis-essential genes. Many meiosis essential genes were silenced in ibm1 jmj27
and/or ibm1 (Figure 18A), including ZYP1a, ZYP1b, ZIP4, ASY1, and SHOCI critical for
chromosome synapsis and crossover formation (Macaisne et al. 2008; Higgins et al.
2005; Chelysheva et al. 2007; Caryl et al. 2000). The functions of these silenced
meiotic genes were listed in Table 1. Our RNA-seq and H3K9me2 ChIP-seq showed
that these five meiosis essential genes were silenced with increased H3K9me2 level,
suggesting that these genes were directly targeted by IBM1 (Figure 18). To further
confirm that IBM1 directly regulated these genes, | examined the IBM1-GFP occupied
profiles. The ChIP-seq results showed that IBM1 was enriched at these loci (Figure
18B-F), supporting the notion that IBM1 directly bonds at these target genes.
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Figure 18. Relative expression level and H3K9me2 level of meiosis genes. (A) Heat map showing
the relative expression levels of indicated meiosis genes in ibm1 and ibm1 jmj27. Fold change
value (FC) was used. (B) Chip-seq analysis of IBM1 binding regions and H3K9me2 levels in the
indicated gene regions in ibm1 and ibm1 jmj27. H3K9me2 levels in Col-0 (black color), ibm1 (blue
color), and ibm1 jmj27 (red color) at indicated genes were shown. The values of H3K9me2 minus

H3 to obtain the enrichment levels of H3K9me?2.

| have further performed ChIP-gPCR to examine the levels of H3K9me2 at these gene
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loci. Two regions of each candidate, except ASY1, were chosen for testing. The results
showed that the levels of H3K9me2 were increased at these loci in the ibm1 jmj27
mutant (Figure 19A and B). Hence, hypermethylation of H3K9me?2 at these genes led
to the downregulation of these genes, which is coincident with the meiosis defects in
ibm1 jmj27. Taken together, our results indicated that IBM1 is required for removing
H3K9me2 at target genes to activate their expression and ensure meiotic

progression.
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Figure 19. Chip-qPCR analysis of the H3K9me?2 levels in ibm1 and ibm1 jmj27. (A) The schematic
diagram of indicated genes. Gene regions were indicated by the dotted lines and numbers. (B)
The enrichment of H3K9me2 at the indicated genes. H3K9me2 levels were normalized to

percentage H3.

To further confirm whether these meiotic genes were exactly silenced in meiotic cells,
| performed immunolocalization of ZYP1 in Col-0 and ibm1 jmj27 male meiocytes.
Synapsis is accomplished by pachytene and the ZYP1 signals extended the entire
lengths of fully synapsed homologs (Figure 20). However, the ZYP1 signals were much
weaker compared to the Col-0, and its localization was also not the entire homologs

(Figure 20), indicating that ZYP1 was silenced in the mutant.
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Figure 20. Immunolocalization of ZYP1 protein at pachytene. ZYP1 signals (red) and DAPI (blue)

in Col-0 and ibm1 jmj27 male meiocytes. Bar, 5 um.

Table 1: Functions of meiosis genes in Arabidopsis

Gene symbol ID Function References
ZYPla AT1G22260 Synapsis, meiotic progression Higgins et al., 2005
ASY1 AT1G67370 Synapsis Azumi et al., 2002
RAD50 AT2G31970 synapsis, recombination Gallego et al., 2001
MSH2 AT3G18524 Inhibit recombination Emmanuel et al., 2006
AtZIP4 AT5G48390 Class | CO pathway Chelysheva et al., 2007
SHOC1 AT5G52290 Class | CO pathway Macaisne et al., 2008

AtMSH5 AT3G20475 Class | CO pathway Higgins et al., 2008
MUS81 AT4G30870 Class Il CO pathway Higgins et al., 2008
DMC1 AT3G22880 Meiotic recombination Doutriaux et al., 1998
BRCA2a AT4G00020 Meiotic recombination Siaud et al., 2004
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BRCA2b
SMC6A
AtSCC2
SMC6B
MEI1
ATM
SYN3

AT5G01630
AT5G07660
AT5G15540
AT5G61460
AT1G77320
AT3G48190
AT3G59550

Meiotic recombination
Homologous Recombination
axis formation
Homologous Recombination
DNA repair
Regulation of DNA repair
expressed in dividing cells

Siaud et al., 2004
Watanabe et al., 2009
Sebastian et al., 2009
Watanabe et al., 2009

Grelon et al., 2003

Garcia et al., 2000, 2003

Dong et al., 2001

3.1.9 IBM1 interacts with PDS5 family proteins

To explore how IBM1 and JMJ27 protect genes from silencing, | cooperated with Prof.

Klaus Grasser (University of Regensburg) to perform affinity purification mass

spectrometry (AP-MS) in suspension cells to identify the proteins interacting with

IBM1. Table 2 shows some key candidates obtained by AP-MS. The PDS5 family

proteins, including PDS5A, PDS5C, and PDS5E, are considered as critical interacting

proteins with high scores in three replicates. PDS5 proteins function as cohesion

cofactors to be involved in chromosome segregation, DNA repair, and gene

transcription in many organisms (Onn et al. 2008; Dorsett 2007; Barbero 2009). In

Arabidopsis, PDS5s are required for chromosome segregation and DNA repair

(Pradillo et al. 2015b). However, their function in gene regulation is unknown.

Table 2. The interaction candidates of IBM1 by IP-MS

Protein  Annotation Score Replicate
I1BM1 AT3G07610 8813.1 3
PDS5E AT1G15940 2815.9 3
PDS5C  AT4G31880 2039 3
HTB6 AT3G53650 1678 3
PRPL5 AT4G01310 1656 3
HD2C AT5G03740 1487 3
ALY4 AT5G37720 1180 3
RFC1 AT5G22010 942 3
PDS5A AT5G47690 582.6 3
RFC2 AT1G63160 688 3

| first confirmed the interaction between IBM1 and PDS5 by yeast two-hybrid (Y2H).
Four of five PDS5 family proteins, including PDS5A, PDS5B, PDS5C, and PDS5E,

interact with IBM1 in yeast (Figure 21 A). | also tested if other components or

cofactors of the cohesin complex interacted with IBM1. Another cohesin component

REC8 and the cofactor SCC3 also interact with IBM1 in yeast, whereas the
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interactions were weaker than PDS5s (Figure 22B). The interaction between PDS5C
and PDS5E with IBM1 have been further confirmed by bimolecular fluorescence
complementation (BiFC) assay (Figure 21B), and H3.3-GFP was used to indicate nuclei.
There was no YFP signal in the control combinations, but co-transformation of PDS5
and IBM1 resulted in a very strong YFP signal in nuclei (Figure 21B), indicating that
IBM1 interacted with PDS5 family proteins in N. benthamiana. Quantification of the
nuclei with YFP signals and nuclei with RFP signals was performed to analyze the
interaction intensity. Around 80% of nuclei with RFP signal also showed GFP signal in
the co-transformation of PDS5 with IBM1, indicating strong interactions (Figure 21D).
Co-immunoprecipitation assay (Co-IP) was also performed to further confirm the
interaction. Tobacco leaves without any injection and combined injection of
IBM1/REC8 were used as the control. The result showed that IBM1-GFP and
PDS5E-3xFlag were co-precipitated (Figure 21C). These data indicated that IBM1
interacted with PDS5s in plants.
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Figure 21. IBM1 physically interacted with PDS5 proteins in vitro and in vivo. (A) Yeast
two-hybrid assay to test the interaction between IBM1 and PDS5. Yeast cells containing both the
AD (activating domain) and BD (binding domain) vectors were grown on Synthetic Defined (SD)
medium supplied with D-Glucose in the absence of Leu and Trp (SD/ -L T, left panel) as control
and on SD medium in the absence of Leu, Trp, His and Adenine (SD/ -LTHA, right panel) for the
interaction test. Yeast cells were diluted 10- and 100- fold after cultured to specific OD. (B)
Bimolecular fluorescence complementation (BiFC) assays to test the interaction between IBM1
and PDS5 proteins. YFP was split into cYFP and nYFP and YFP signal indicated the interaction of
the tested proteins. H3.3-RFP was used to indicate the nuclei. (C) Co-immunoprecipitation assay
to test the interaction between IBM1 and PDS5E in tobacco. Tobacco leaves without any injection
and combined injection of IBM1/REC8 were used as genitive control. All of these assays were

repeated with similar results. Asterisks indicate targeted proteins. (D) Quantification of the nuclei
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with YFP signals to nuclei with RFP signals. The scored numbers of nuclei were shown above the

bar.

Given that IBM1 and JMJ27 were functionally redundant, | further explored if JMJ27
interacted with PDS5s by BiFC assay. Similar to IBM1, JMJ27 also interacted with
PDS5C and PDS5E (Figure 22A). Quantification of the nuclei with YFP signals to nuclei
with RFP signals was also performed to analyze the interaction intensity. Similarly,
80% of nuclei with RFP signal also showed GFP signal in the co-transformation of
PDS5 with JMJ27 (Figure 21D). Therefore, our results indicate that both IBM1 and
JMJ27 interacted with PDS5s. Moreover, our BiFc result also showed that IBM1 and
JMJ27 interacted with each other (Figure 22C), and their interaction may benefit

their histone demethylases activity.
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Figure 22. JMJ27 interacts with PDS5 proteins. (A) Bimolecular fluorescence complementation
(BiFC) assays to test the interaction of JMJ27 and PDS5 proteins. YFP was split into cYFP and nYFP
and YFP signal indicated the interaction of the tested proteins. H3.3-RFP was used to indicate the

nuclei. (B) Yeast two-hybrid assay to test the interaction between IBM1 and cohesion factors.
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Yeast cells containing both the AD (activating domain) and BD (binding domain) vectors were
grown on Synthetic Defined (SD) medium supplied with D-Glucose in the absence of Leu and Trp
(SD/ -L T, left panel) as control and on SD medium in the absence of Leu, Trp, His and Adenine
(SD/ -LTHA, right panel) for the interaction test. Yeast cells were diluted 10- and 100- fold after
cultured to specific OD. (C) Bimolecular fluorescence complementation (BiFC) assays to test the
interaction of IBM1 and JMJ27. YFP was split into cYFP and nYFP and YFP signal indicated the

interaction of the tested proteins. H3.3-RFP was used to indicate the nuclei.

3.1.10 PDS5s act downstream of H3K9 demethylation to activate gene expression

| hypothesized that PDS5s act with IBM1 and JMJ27 by two mechanisms: (1) PDS5s
act downstream of IBM1 and JMJ27 and are required for gene activating. (2) PDS5s
recruit IBM1 and JMJ27 and are required for H3K9me2 demethylation. To examine
the hypothesis 1, | conducted RNA-seq with pds5 closed buds. Downregulated genes
(DGs) and upregulated genes (UGs) were significantly overlapped between ibm1
jmj27 and pds5 (Figure 23A). However, the altered levels of these DEG were lower in
pds5 compared to ibm1 jmj27 (Figure 23B). When | further compared meiosis
essential genes between ibml jmj27 and pds5, multiple genes essential for
chromosome pairing, crossover, such as ASY1, ZYPla, ZYP1b, AtZIP4, and SHOCI,
were also silenced in pds5 (Figure 23C). However, the reduction in pds5 was weaker
than in ibm1 jmj27 (Figure 23C), in line with weak meiosis defects in pds5 (Pradillo et
al. 2015a). A similar gene expression pattern between ibm1 jmj27 and pds5 indicated
that PDS5s are functional in H3K9 demethylation-mediated gene activation. To
further know PDS5 act up- or down-stream of IBM1 and JMJ27, | further conducted
H3K9me2 ChlP-seq. The H3K9me2 levels in pds5 were similar to Col-0, and
hypermethylation only occurred in ibm1 and ibm1 jmj27 (Figure 23D-G), indicating
that PDS5 was not required for H3K9me2 removal. Hence, PDS5s act downstream of
H3K9 demethylation and are required for activating the expression of meiosis

essential genes.
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Figure 23. PDS5s act downstream of H3K9 demethylation in reproduction tissue. (A) Venn
diagrams showing the overlap of downregulated genes (DG) (upper) and upregulated genes (UG)
(lower) between ibm1 jmj27 and pds5. Numbers of each category were indicated. (B) Heatmaps
showing relative expression levels of ibm1 jmj27 DG genes (left) and UG genes (right) in ibm1
jmj27 and pds5. (C) Heat map showing the relative mRNA expression levels of indicated meiotic
genes in ibm1 jmj27 and pds5. (D) Box plots showing median values of z-score-normalized
levels in Col-0,
ibm1, and pds5. (F) Box plots showing median values of z-score-normalized H3K9me2 levels in

Col-0, ibm1 jm27, and pds5. (G) Metagene plots showing H3K9me2 levels in Col-0, ibm1 jmj27,



| further examined whether the deposition of H3K9me2 was alterd at these meiotic
essential genes. Screenshots from our H3K9me2 Chip-seq profiles showed that the
ectopic deposition of H3K9me?2 at indicated meiotic genes only occurs in ibm1 jmj27

but not in pds5 (Figure 24).
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Figure 24. Meiotic genes did not obtain ectopic H3K9me2 in pds5. (A-E) H3k9me2 levels at the

indicated gene loci in Col-0, ibm1 jmj27, and pds5.

PDS5s, the cohesin cofactors, are functional in both meiosis and mitosis. To test
whether H3K9me2-mediated gene activation coupled with PDS5s was exactly
functional in meiosis, | first generated the transcriptome profile of rec8, a
meiosis-specific component of the cohesin complex. Indeed, both the DGs and UGs
were significantly overlapped between ibm1 jmj27 and rec8 (Figure 25A). | have also
performed gRT-PCR to confirm the relative expression levels of meiosis-essential
genes that were silenced in ibm1 jmj27. These silenced genes in ibm1 jmj27 also

have reduced expression levels in rec8, including SHOC1, ZYP1, and ASY1 (Figure 25B).
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Hence, the meiotic cohesin complex is required for H3K9me2-mediated gene

activation in meiosis.
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Figure 25. ibm1 jmj27 and rec8 RNA-seq analysis. (A) Venn diagrams showing the overlap
between DGs in ibm1 jmj27 and rec8. The P-value were calculated by hypergeometric test and
sample size of n=33547 (the number of annotated protein-coding genes in the Arabidopsis
genome) was used. (B) Quantitative reverse transcription PCR (RT-gPCR) showing the relative
expression of the indicated genes in ibm1 jmj27 and rec8. The values were normalized to GAPDH

and shown as the means + SEMs. Two biological replicates were performed.

As mentioned before, PDS5s function in both mitosis and meiosis, so | further
examined whether PDS5s were also required to activate gene expression in
vegetative stage. | generated the expression profiles for ibm1 jmj27 and pds5 in
18-day seedlings. Both DGs and UGs were significantly overlapped in ibm1 jmj27 and
pds5 (Figure 26A). Relative expression of DGs and UGs in ibm1 jmj27 and pds5 were

shown in heatmap (Figure 26B). Similar to the results of closed buds, these silenced
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genes acquired ectopic H3K9me2 in ibm1 jmj27 but not in pds5 (Figure 26C). Our
results indicated that PDS5s, IBM1, and JMJ27 cooperatively activate gene expression
in both vegetative and reproductive stages.
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Figure 26. PDS5s also act downstream of H3K9 demethylation in leaf. (A) Venn diagrams
showing the overlap of downregulated genes (DGs) (upper) and upregulated genes (UGs) (lower)
between ibm1 jmj27 and pds5 in seedling. Numbers of each category were indicated. (B)
Heatmaps showing relative expression levels of ibm1 jmj27 DGs and UGs (right) in ibm1 jmj27
and pds5 in seedling. (C) Box plots showing median values of z-score-normalized H3K9me2 levels

in Col-0, ibm1 jmj27 and pds5 seedling.

To further examine whether IBM1 and JMJ27 were required for PDS5s recruitment to
activate meiotic genes expression, | performed Chip-qPCR using antibody anti-PDS5E
which was shown to have strong interaction with IBM1 and JMJ27 (Figure 21 and 22).
PDS5E binding at promoter and gene bodies were detected (for example, pZIP4
indicated the promoter region, and ZIP4_1 and ZIP4_2 indicated gene bodies). The

enrichment of PDS5E at these indicated loci was reduced in ibm1 jmj27 compared to
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Col-0 (Figure 27A), indicating that IBM1 and JMJ27 were required for the recruitment

of PDS5s to activate gene expression in meiosis.

In summary, my results showed that histone demethylases IBM1 and JMJ27 were
required for male meiosis. IBM1 and JMJ27 removed the silencing mark H3K9me2
from numerous gene bodies. Meanwhile, IBM1 and JMJ27 directly bind at
meiosis-related genes to remove H3K9me2, coupled with the cohesin cofactor PDS5s,
and activate the expression of meiotic-related genes to ensure the meiotic

progression (Figure 27B).
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Figure 27. IBM1 was required for the recruitment of PDS5s. (A) Chip-gPCR to examnine PDS5E
enrichment at thses meiotic loci in ibm1 jmj27 closed buds. PDS5E enrichment levels were
normalized to percentage input. (B) Model for histone demethylation-mediated gene activation.
In wild type plants, Histone demethylases IBM1 and JMJ27 work together to remove the
H3K9me2 mark from the gene locus. At the same time, IBM1 and JMJ27 recruit cohesin cofactors
PDS5 proteins to the target locus. The hypomethylation coupled with PDS5 proteins further

activate the meiosis- essential genes expression.

67



3.2 H3K9 demethylation is required for pollen wall formation

3.2.1 H3K9 demethylation is required for exine formation

ibm1 produced around 25% abnormal meiotic products at the tetrad stage (Figure 2),
but most of the pollen in ibml was collapsed, indicating defective pollen
development. Tapetum is the innermost somatic cell layer surrounding the male
gametophyte and provides materials for pollen development (Ariizumi and Toriyama
2011). | first examined the tapetum development in the mutants. Cross-sections of
wild type and ibm1 were detected from stage 6 to 12. The structures of tapetum and
pollen were similar between wild type and ibm1 from stage 6 to stage 10. At stage 12,
ibm1 produced collapsed or enlarged pollen, differing from pollen grains in wild type

(Figure 28). No viable pollen was found in ibm1 jmj27 at stage 10 (data not shown).

Stage 6 Stage 7 Stage 9 Stage 10 Stage 12
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Figure 28. Mutations of IBM1 and JMJ27 lead to defective pollen development. Cross-sections
of wild type, ibm1, ibm1 jmj27, showed the anther development from stage 6 to stage 12. T,

tapetum; Tds, tetrads; P, pollen; Ep, enlarged pollen; ap, aborted pollen. Scale bars, 20 um.

To further examine the reason leading to collapsed pollen in ibm1 and ibm1 jmj27, |
performed transmission electron microscopy (TEM) analysis by collaborating with Dr.
Michael Melzer (IPK, Gatersleben). The nexine layer presented at stage 8 and became
thicker at later stages in wild type (Figure 29), but this structure was abnormal in

ibm1 and completely absent in the ibm1 jmj27 mutant (Figure 29).
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ibm1

Ibm1 jmj27

Figure 29. TEM images of pollen wall development. (A) Pollen wall structure in Col-0, ibm1, and
ibm1 jmj27. B (left side) and C (right side) are the higher magnification view of B. X bar in A, 2 um;
B and C, 500nm.

| also examined whether exine pattern was affected in ibm1 and ibm1 jmj27. The
regular structure of exine, including nexine, bacula, tectum, were observed in wild
type (Figure 30A). However, bacula was abnormaly deposited in ibm1 (Figure 30B)
and absent in ibm1 jmj27 (Figure 28C). The bacula structure was abnormalin ibm1
jmj27 (Figure 30B and C). CYP98AS8 and CYP98A9 are required for proper pollen wall
pattern, and the double mutant shows an abnormal exine layer with irregular
baculum and tectum and disordered tryphine deposition (Xu et al. 2014). So, |
examined their expression in ibm1 and ibm1 jmj27. RNA-seq showed that they were
downregulated in ibm1 and ibm1 jmj27 (Figure 33B), and these genes also acquired
H3K9me2 in ibm1 jmj27 compared to ibm1 and wild type (Figure 30B), indicating that
IBM1 and JMJ27 control pollen wall pattern by regulating the expression of CYP98A8
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and CYP98A9. Our results indicated that IBM1 and JMJ27 are required for nexine

formation.
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Figure 30. Pollen wall pattern in Col-0, ibm1 and ibm1 jmj27. (A) The pollen wall structure in
Col-0 (left), ibm1 (middle) and ibm1 jmj27 (right) by TEM. Bar, 500 nm (B) Chip-seq analysis of the
H3K9me2 levels at the indicated gene regions in the ibm1 and ibm1 jmj27 mutants. H3K9me2
levels in Col-0 (yellow), ibm1 (blue), and ibm1 jmj27 (red) at indicated genes were shown. The

values of H3K9me2 minus H3 and obtained the enrichment levels of H3K9me2.

3.2.2 AMS interacts with IBM1
IBM1 and JMJ27 are required for pollen wall formation, so | hypothesized that IBM1

and JMJ27 bind at the targets to activate genes required for pollen wall formation. It
is unknown how IBM1 and JMJ27 are recruited to their targets. Given that
transcription factors (TFs) play important roles in recruiting histone modifiers
(Bulut-Karslioglu et al. 2012), | tested whether TFs were also required for recruiting
IBM1 and JMJ27. To address this question, | first tested the interaction between
IBM1 and all TFs in Arabidopsis by collaborating with Nobutaka Mitsuda (National
Institute of Advanced Industrial Science and Technology, Japan). After two rounds of
screening, we identified 78 TFs showing strong interaction with IBM1, belonging to

twenty different TF families (Figure 31). AMS, a bHLH family protein required for
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tapetum and microspores development (Xu et al. 2014; Sorensen et al. 2003), was

the key candidate.
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Figure 31. Candidates of IBM1/JMJ27 interactor. (A)Yeast two-hybrid screening assay to test the
interaction between IBM1 and transcription factors in Arabidopsis. IBM1 was used as he bait.
Synthetic Defined (SD) medium supplied with D-Glucose in the absence of Leu, Trp, His (SD/ -WHL)
was used to select the positive interaction. Two rounds of selection were performed. (B) The

number of selected candidates in the indicated TF families from A.

| confirmed the interaction between IBM1/JMJ27 and AMS by Y2H and BiFC assays.
Y2H results showed that AMS interacted with both IBM1 and JMJ27 (Figure 32A), and
BiFC assay also showed that co-transformation of AMS and IBM1 or JMJ27 resulted in
YFP signals in the nuclei (Figure 32B). No YFP signal in the control combinations was
detected (Figure 32B). Around 30-40% of the nuclei with RFP signal also showed GFP
signal in the co-transformation of AMS with IBM1 or JMJ27 (Figure 32C). Therefore,
our results demonstrated that AMS interacts with both IBM1 and JMJ27.
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Figure 32. AMS interacts with IBM1 and JMJ27. (A) Yeast two-hybrid assay to test the interaction
between AMS and IBM1, and JMJ27. Yeast cells (AH109 strain) containing both AD (activating
domain) and BD (binding domain) vectors were grown on Synthetic Defined (SD) medium
supplied with D-Glucose in the absence of Leu and Trp (SD/ -L T, left panel) as control, and on SD
medium in the absence of Leu, Trp, His and Adenine (SD/ -LTHA, right panel) for the interaction
test. (B) Bimolecular fluorescence complementation (BiFC) assays to test the interaction between
AMS and IBM1, and JMJ27. YFP was split into cYFP and nYFP, and YFP signal indicated the
interaction of the tested proteins. H3.3-RFP was used to indicate the nuclei. (C) Quantification of
the nuclei with YFP signals to nuclei with RFP signals. The numbers of scored nuclei were shown

above the bar.

3.2.3 IBM1 and JMJ27 activate TEK expression to regulate nexine formation
Given that AMS interacts with IBM1 and JMJ27, and TFs function in recruiting histone

demethylases (Hung et al. 2020; Hung et al. 2021), | hypothesized that AMS is
required for recruiting IBM1 and JMJ27 to remove H3K9me2. To test this hypothesis,
| first compared gene expression between ibml jmj27 and ams. Half of the

downregulated genes in ams (Xu et al. 2014) were also silenced in ibm1 jmj27 (Figure
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33A). 24 genes required for pollen wall formation (listed in Table 2) have been
confirmed as AMS targets (Xu et al. 2014). We have also checked the relative
expression of these genes in ibm1 and ibm1 jmj27. 17 out of 24 genes were silenced
in ibm1 and ibm1 jmj27, especially in ibm1 jmj27 (Figure 33B). | further examined
whether these downregulated genes also obtained H3K9me2. Indeed, 34 silenced
genes obtained H3K9me2 in ibm1 jmj27 (Figure 33C). KCS7, KCS15, and TEK are
required for nexine layer formation (Xu et al. 2014; Lou et al. 2014), so | have further
examined H3K9me2 levels at these gene regions. Indeed, KCS7, KCS15, and TEK
obtained H3K9me2 in ibm1 jmj27 (Figure 33D), indicating that IBM1 and JMJ27

control pollen wall formation by removing H3K9me2 from these loci.
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Figure 33. AMS targets were also downregulated with increased H3K9me2 levels in ibm1 jmj27.
(A) Venn diagram showing the overlap between downregulated gene in ibm1 jmj27 and ams, the
numbers in each category are indicated. (B) RNA-seq showing the relative expression level of
AMS targets in ibm1 and ibm1 jmj27, indicated by fold change value (Log FC). (C) Venn diagram
showing the overlap between increased H3K9me2 genes and downregulated genes in ibm1 jmj27
and ams. The numbers in each category are indicated. The P-value in A and C were calculated
using hypergeometric test, sample size of n=33547 (the number of annotated protein-coding
genes in Arabidopsis genome) was used. (D) Chip-seq analysis of H3K9me2 levels in ibm1 and
ibm1 jmj27, and IBM1 enrichment at the indicated gene regions. H3K9me2 levels in wild type
(black), ibm1 (blue), ibm1 jmj27 (red) at the indicated genes are shown. The values of H3K9me2
minus H3 represent the enrichment levels of H3K9me2.
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Table 2: Genes directly regulated by AMS

Gene ID Gene Name  Description Reference
AT1G75920 EXL5 Family llextracellular lipase 5 Xu et al. (2010)
AT1G75910 EXL4 Family llextracellular lipase 4 Xu et al. (2014)
AT1G75930 EXL6 Family llextracellular lipase 6 Xu et al. (2014)
AT1G69500 CYP704B1 Cytochrome P450 704B1 Xu et al. (2014)
AT1G01280 CYP703A2 Cytochrome P450 703A2 Xu et al. (2014)
AT1G74540 CYP98AS8 Cytochrome P450 98A8 Xu et al. (2014)
AT1G74550 CYP98A9 Cytochrome P450 98A9 Xu et al. (2014)
AT1G13140 CYP86C3 Cytochrome P450 CYP86C3 Xu et al. (2010)
AT3G52160 KCS15 B-Ketoacyl-CoA synthase 15 Xu et al. (2014)
AT5G49070 KCS21 B-Ketoacyl-CoA synthase 21 Xu et al. (2010)
AT1G71160 KCS7 B-Ketoacyl-CoA synthase 7 Xu et al. (2014)
AT4G14080 A6 Anther-specific protein 6 Xu et al. (2014)
AT4G20050 QRT3 Quartet 3 Xu et al. (2014)
AT3G51590 LTP12 Lipid transfer protein 12 Xu et al. (2010)
AT1G66850 LTP family protein Xu et al. (2010)
AT5G62080 LTP family protein Xu et al. (2014)
AT3G13220 wBC27 ABC transporter Xu et al. (2010)
AT4G34850 PKSB/LAP5 Polyketide synthase B/Less adhesive pollen 5 Xu et al. (2014)
AT4G35420 TKPR1/DRL1  Tetraketide a-pyronereductase Xu et al. (2014)
AT4G00040 CHS Chalcone synthase Xu et al. (2010)
AT1G06990 GDSL-like lipase/Extracellular lipase Xu et al. (2014)
AT5G07520 GRP18 Glycine-rich protein18 Xu et al. (2014)
AT5G07550 GRP19 Glycine-rich protein19 Xu et al. (2014)
AT2G42940 TEK/AHL16  AT-HOOK motif nuclear-localized protein 16  Lou et al. (2014)

The table 2 is modified from Xu et al, 2014.

AGPs are directly regulated by TEK (Figure 34A) (Lou et al. 2014), and our data
showed that TEK directly targeted by IBM1/IMJ27. Accordingly, AGPs should also be
silenced in ibm1 and ibm1 jmj27. Indeed, these AGPs, including AGP6, AGP11, AGP23,
AGP24, and AGP40, were all silenced without increased H3K9me?2 levels (Figure 34B

and C), supporting the idea that IBM1 and JMJ27 directly regulate TEK expression,

resulting in AGPs silencing indirectly.
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Figure 34. (A) Simplified regulatory network of nexine formation. (B) Gene expression of TEK
target genes in the ibm1 and ibm1 jmj27 mutants by RNA-seq. (C) Chip-seq analysis of the
H3K9me?2 levels at the indicated gene regions in the ibm1 and ibm1 jmj27 mutants. H3K9me2
levels in Col-0 (yellow color), ibm1 (blue color), and ibm1 jmj27 (red color) at indicated genes

were shown. The values of H3K9me2 minus H3 and obtained the enrichment levels of H3K9me?2.
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4 Discussion

Diploid sporophyte cells undergo meiosis to produce haploid spores. In flowering
plants, haploid spores further develop into haploid gametes by two rounds of mitotic
divisions. Genetic exchanges occur between parental genomes through meiotic
recombination at prophase in meiosis |. In Arabidopsis, loss of H3K9 methylation
results in the activation of chromosome recombination at the pericentromeric region,
but the meiotic progression is largely normal. Our study showed that the H3K9
demethylases, IBM1 and JMJ27, are required for H3K9me2 removal from meiotic

genes to activate their expression and ensure the meiotic progression.

Microspores produced through male meiosis finally develop into mature pollen.
Pollen development has been well studied in both Arabidopsis and crop species
(Wilson and Zhang 2009). This process, including anther wall and pollen wall
formation, is essential for producing viable pollen grains. The pollen wall is composed
of intine and exine, and exine is further divided into nexine and sexine. The
DYT1-TDF1-AMS-TEK pathway regulates the nexine formation, while the
DYT1-TDF1-AMS-MS188 pathway regulates the sexine formation (Zhang et al. 2007;
Xu et al. 2010; Lou et al. 2014; Dickinson and Heslop-Harrison 1968). As a
transcription factor, AMS controls sexine formation by directly regulating the
expression of TEK (Lou et al. 2014). Our present study further indicated that AMS
recruits IBM1 and JMJ27 to the TEK loci, removing H3K9me2 and activating TEK
expression. Hence, our results uncover a novel role of AMS in transcriptional

regulation and exine formation.

4.1 Cooperation of H3K9 demethylases in plant development
There are 21 JmjC domain-containing proteins in Arabidopsis, which are grouped into

five subgroups according to their substrate specificity. IMJ24 to JMJ29 are predicted
to be H3K9 demethylases (Lu et al. 2008). Their roles in regulating flowering time
have been well studied (Dutta et al. 2017; Hung et al. 2021). The ibm1 and jmj28
mutants show a late flowering phenotype (ibm1 from this study, data not shown),
while jmj27 flowers earlier, indicating their different roles in regulating flowering
time. The jmj27 and jmj28 mutants are all wild type like except for the flowering
phenotypes while ibm1 exhibits multiple developmental defects (Dutta et al. 2017;

Saze et al. 2008; Hung et al. 2021). As mentioned above, ibm1 mutant exhibits
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reduced fertility, indicating a possible role of IBM1 in reproductive. This study has

elucidated the roles of histone demethylases IBM1 and JMJ27 in male meiosis.

H3K9 methylation is required for proper meiotic progression. In mammals, loss of
H3K9 methylation leads to disordered progression of synaptonemal complex
formation, causing severe meiosis defects (Tachibana et al. 2007). In Arabidopsis, loss
of H3K9 methylation and CHG result in the activation of chromosome recombination
at pericentromeric region, indicating the roles of histone methylation in meiosis.
Whether histone demethylation is also functional in meiosis is unknown. By
detecting mature pollen in ibm1 with compromised IBM1 demethylase activity,
enlarged pollen was observed in the mutant (Figure 1). Missegregation of
chromosomes often results in differential size of pollen grains (De Storme,
Copenhaver, and Geelen 2012). Chromosome segregation occurs in meiosis to
produce haploid pollen. Hence, tetrad analysis were performed to examine the
meiotic products at tetrad stage. Around 25% abnormal meiotic products, including
dyads, triads, polyads, were observed (Figure 2). Further cytological analysis showed
that homologs pairing was abnormal in ibm1 (Figure 9), indicating that H3K9

demethylation is required to ensure meiotic progression.

Recent studies demonstrate that IBM1, IMJ27, IMJ28 and JMJ29 have demethylase
activity (Dutta et al. 2017; Saze et al. 2008; Hung et al. 2021; Hung et al. 2020). An
interesting point is whether these H3K9 demethylases are functionally redundant in
meiosis. To address this question, | first generated ibm1 jmj27 double mutant. ibm1
jmj27 was sterile with higher polyads frequency (Figure 5 and 6). The double mutants
also exhibited more severe cytological meiosis defects (Figure 10) compared to the
single mutants. Our results indicate that H3K9 demethylases can cooperatively
regulate meiotic progression. Apart from IBM1 and JMJ27, we found that the other
H3K9 demethylases, at least JIMJ26 and JMJ29, are also functionally redundant. ibm1
jmj26 and ibm1 jmj29 showed similar developmental phenotypes to ibm1 jmj27, and
both of them exhibited reduced fertility (data not shown), further study is needed to
determine whether they are also functional in meiosis. These similar phenotypes
indicate that their coordination is probably widespread. The overlap between the
genome profiles of IBM1-occupied regions and increased H3K9me?2 levels in ibm1,
and ibm1 jmj27 also indicates the widespread coordination of these H3K9
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demethylases. Our data showed that 3193 genes are occupied by IBM1 without
elevated H3K9me?2 levels in both ibm1 and ibm1 jmj27, suggesting that these regions
need both IBM1 and other H3K9 demethylases to remove H3K9, and activate their
expression. Collectively, our study indicates a role of H3K9 demethylases in meiosis,

and also their coordination to regulate plant development.

Similar to H3K9 demethylases, elfé and ref6, two H3K27 demethylases mutants, also
exhibit opposite flowering phenotypes. ELF6 activate FLC expression to repress
flowering (Noh et al. 2004), while REF6 positively regulates flowering (Lu et al. 2011).
Although they regulate flowering time in different ways, they are shown to set
restriction boundary of H3K27me3 spatially and temporally together, allowing
tissue-specific gene activation (Yan et al. 2018). Our results are consistent with the
finding of H3K27 demethylases, indicating widespread coordination of histone

demethylases.

4.2 H3K9m2 removal is required for Arabidopsis meiosis

Meiosis is under genetic and epigenetic control to ensure proper chromosomes
segregation. Genes required for meiosis must be precisely regulated to ensure the
proper meiotic progression. Until now, around 80 genes have been documented to
function in Arabidopsis meiosis, and more than half of them are essential for proper
meiotic progression (Yang et al. 2011; Ma 2006; Crismani and Mercier 2013). For
instance, the kinetochore must be inactivated at prophase | to prevent the
chromosomes from early separating. In the later stage, the kinetochores must be
activated to allow the segregation of chromosomes and produce the daughter cells.
Activation and inactivation of kinetochore are controlled by the relative expression
level of Ndc80 protein (Chen et al. 2017). In this study, we found that IBM1 and
JMJ27 regulate meiotic crucial genes expression through H3K9me2 removal. In wild
type, homologs are held together until anaphase I, while they were separated at
diakinesis and metaphase | in ibm1, and the phenotypes were enhanced in ibm1
jmj27, subsequently affecting chromosomes segregation in later stages (Figure 9 and
10). Meiosis crucial genes including ZYP1, ASY1 required for chromosome synapsis,
and SHOC1, ZIP4 for crossover (Macaisne et al. 2008; Higgins et al. 2005; Chelysheva
et al. 2007; Caryl et al. 2000) were silenced due to increased H3K9me?2 levels in ibm1

jmj27 (Figure 18), indicating that IBM1 and JMJ27 are required to activate these
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meiosis crucial genes expression to ensure meiotic progression. In contrast, G9a, a
histone H3K9 mono- and di- methyltransferase, is required for chromosome synapsis
in mice. Gene expression is altered minimally in G9a which is thought to not cause
meiosis defects (Tachibana et al. 2007), indicating the different mechanisms in
regulating meiosis in plant and animal by histone methyltransferase and demethylase.
We also found that IBM1 directly binds to these meiotic genes. We reasoned that
IBM1 and/or JMJ27 can directly bind to the meiotic gene loci to remove H3K9me?2

and activate their expression.

Chromosomes are three-dimensionally organized in the nucleus of eukaryotes
(Sexton et al. 2012; Jin et al. 2013; Feng et al. 2014; Dixon et al. 2012). Different
chromosome regions can interact with each other during the chromosome folding to
participate in many important biological processes, including genome integrity
maintenance, regulation of gene expression, and silent chromatin formation (Sexton
et al. 2012; Jin et al. 2013; Dixon et al. 2012). Chromatin interaction can form the
interactive domains, termed topologically associated domains (TAD). These domains
are all highly related with epigenetic modifications (Sexton et al. 2012; Dixon et al.
2012). CTCF transcription factors, a key player in TAD establishment and chromatin
loops formation in animals, are absent in Arabidopsis. However, similar chromatin
loop is also observed in Arabidopsis. Mutation of CLF, a H3K27 methyltransferase,
leads to the interaction between H3K27me3-loss regions and H3K9ac-marked regions
(Huang et al. 2021). H3K9me2, a repressive mark, is mainly deposited at
pericentromeric region but eliminated from gene body. Mutations of IBM1 and
JMJ27, two H3K9 demethylases, lead to ectopic deposition of H3K9me2 at numerous
gene body (Figure 12), leading to the redistribution of H3K9me2. Growing evidence
shows that histone modifications alter chromatin condensation, which will affect
genome topology and chromatin conformation, and these changes will ultimately
regulate gene expression by modulating the accessibility of the transcriptional
machinery to the gene locus (Huang et al. 2020; Rodriguez-Granados et al. 2016).
Even many silenced genes obtain ectopic H3K9me2, there are still many genes that

are silenced without increased H3K9me2 (Figure 17), indicating that these silenced
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genes are not targeted directly by IBM1 and JMJ27. H3K27me3 is speculated to
repress gene expression through inhibiting the interaction between
H3K27me3-reriched regions and H3K9ac-marked regions. Thus, H3K9me2 is possible
to regulate some of these genes in a similar way. In mammals, the DNA binding
protein CTCF can recruit the cohesin to targets, promoting the loop formation
between enhancers and promoters, which will further activate gene expression
(Hansen et al. 2017). The interaction between IBM1 and JMJ27, and PDS5s also
indicate the possible mechanisms that H3K9me2 regulate gene expression through
chromatin conformation. To address this question, ATAC-seq (Assay for
Transposase-Accessible Chromatin using sequencing) and Hi-C (High-throughput
chromosome conformation capture) is required to test whether the chromatin

structure is also affected in our mutants.

Crossover usually occurs at chromosome arms but absent in centromere (Lambing,
Franklin, and Wang 2017; Choi and Henderson 2015) which is linked to enriched DNA
methylation and histone methylation at pericentromeric region. In Arabidopsis,
mutation of IBM leads to reduced chiasmata numbers (Figure 9), indicating the
inhibition of crossover formation or redistribution of crossover. H3K9me2 is
eliminated from euchromatin but enriched in heterochromatin in wild type
Arabidopsis, and mutations of IBM1 and JMJ27 lead to the deposition of H3K9me2
along chromosome arms. It is possible that increased H3K9me2 levels along
chromosome arms directly repress the recombination, leading to reduced crossovers
formation. Therefore, in addition to regulate the expression of meiosis essential
genes, our data also suggestes a possible role of histone demethylases in regulating

meiosis through H3K9me2 redistribution on chromosome arms.

In summary, our results indicate that IBM1 and JMJ27 may regulate meiotic
progression in three ways: 1) IBM1 and/or JMJ27 directly bind at meiotic genes to
remove H3K9me2 and activate their expression. 2) Removal of H3K9me2 can also
alter chromatin structure to further affect meiotic gene expression. 3) Removal of
H3K9 affects essential meiotic progression, such as crossover formation, without

altering gene expression.
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4.3 PDS5s act downstream of H3K9me2 to regulate meiotic gene expression
The roles of cohesin are highly conserved in eukaryotes (Anderson et al. 2002;

Sumara et al. 2000). The complex is critical to ensure the correct chromosome
segregation in both mitosis and meiosis (Doutriaux et al. 1998; Pradillo et al. 2015b;
Grelon et al. 2001). The cohesin complex is also involved in gene regulation (Wendt
et al. 2008; Stedman et al. 2008; Schuldiner et al. 2008; Pauli et al. 2008; Parelho et
al. 2008; Lengronne et al. 2004; Glynn et al. 2004). In yeast, remodeling the structure
of chromatin (RSC) provides nucleosome-free regions for the cohesin loading, making
the DNA accessible to transcription factors (Clapier et al. 2017). In Drosophila,
Nipped-B, the ortholog of SCC2, affects the interaction between enhancer and
promoter to regulate gene expression (Rollins, Morcillo, and Dorsett 1999). A recent
study in mice shows that tissue-specific transcription factors can recruit the cohesin
complex to targets, maintaining promoter-enhancer loops to regulate gene
expression (Liu et al. 2021). In this study, a possible mechanism of how the cohesin
complex regulates gene expression in Arabidopsis is elucidated. IBM1 and IMJ27
interact with the cohesin cofactors PDS5 proteins, including PDS5A, PDS5C, and
PDS5E (Figure 20, 21 and Table 2). The mutation of IBM1 and JMJ27, and PDS5s
showed similar gene expression pattern (Figure 22). However, H3K9me2 levels were
not altered in pds5 (Figure 22), indicating that the cohesin cofactors PDS5s are
required for meiotic gene activation but not the deposition of H3K9me2. So, PDS5s
act downstream of H3K9me2 demethylation to activate meiotic genes expression.
The abolishment of REC8, meiosis-specific cohesin factor that is replaced by SCC1 in
mitosis, also leads to slightly reduced the expression of meiosis crucial genes, which

were also silenced in ibm1 jmj27 (Figure 23).

In yeast, PDS5 is required for homologs pairing and crossover formation (Song et al.
2021; lJin, Guacci, and Yu 2009). There are five PDS5 proteins in Arabidopsis,
mutation of four PDS5s just leads to a weak meiosis defect (Pradillo et al. 2015b),
possibly because another PDS5, PDS5D, is still functional. Meanwhile, ibm1 jmj27
exhibits stronger homologs pairing and crossover defects (Figure 10), which is
comparable to phenotypes in yeast pds5, suggesting that PDS5s are involved in
meiotic progression acting downstream of IBM1 and JMJ27 in Arabidopsis. In

addition, the loading of the cohesin needs SCC2-SCC4 loader complex. SCC2-SCC4
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complex together with PDS5s are required for stable chromosome binding of cohesin
at highly transcribed gene regions (Bhardwaj et al. 2016). However, our preliminary
results showed that IBM1 and JMJ27 had no direct interaction with both SCC2 and
SCC4, and chromosome spread results of ibm1 jmj27 did not show abnormal sister
chromatids segregation in the early stage (Figure 10), indicating that the cohesin

loading is correct in the ibm1 jmj27 mutant.

Collectively, possible mechanisms of how the histone demethylases regulate meiotic
progression and also how the cohesin regulates gene expression are elucidated or
hypothesized according to our preliminary results in this study. Mutations of IBM1
and JMJ27 lead to increased H3K9me?2 levels along the chromosome arms which will
probably repress the recombination at chromosome arms. Indeed, chiasmata
numbers were reduced in ibm1 (Figure 9), and the reduced chiasmata further affect
chromosomes segregation in late stages. In addition, meiosis-crucial genes were
silenced in ibm1 and ibm1 jmj27. Gene silencing is possibly mediated by IBM1, IMJ27,
and PDS5s in at least two ways. 1) IBM1 and JMJ27 remove the H3K9me2 from
meiotic gene bodies, and PDS5s are recruited to the targets at the same time to
activate their expression. 2) IBM1, JMJ27, and PDS5s affect the chromatin structure
together without altering H3K9me2 levels at some loci, affected chromatin structure
further activate meiotic genes expression. Together, they regulate gene expression by
directly H3K9me2 removal or indirectly, such as affecting the chromatin structure or

regulate upstream gene expression.

4.4 H3K9me2 removal is required for pollen wall development mediated by AMS
recruitment

The pollen wall is composed of intine and exine, and exine is further divided into
nexine and sexine. DYT1-TDF1-AMS-TEK pathway regulates nexine formation (Zhang
et al. 2007; Xu et al. 2010; Lou et al. 2014; Dickinson and Heslop-Harrison 1968).
AMS directly targets to TEK to regulate the nexine formation (Lou et al. 2014). In this
study, we found that IBM1 and JMJ27 are required for nexine formation, and the
nexine formation is defective in ibm1 and ibm1 jmj27 which is comparable to tek
(Figure 27). tek is silenced with increased H3K9me?2 levels in the ibm1 jmj27 mutant
(Figure 31). In general, the histone demethylases target to its targets via its DNA

binding domain or its interactors. For example, C2H2 zinc-finger domains, which can

82



recognize the CTCTGYTY motifs (Y is equal to C/T), is required for the binding of REF6
to specific targets sites (Cui et al. 2016). JMJ28 regulates flowering time through its
interactor FLOWERING BHLH (FBH) transcription factors (Hung et al. 2021). In this
study, we found that IBM1 and JMJ27 interact with AMS, the bHLH transcription
factor family protein required for extensive anther-expressed genes expression and
pollen wall formation (Figure 30). IBM1-occupied regions are enriched with bHLH
family binding motif G-box (CACGTG) (Toledo-Ortiz, Hug, and Quail 2003), indicating
that AMS is probably required for IBM1 and JMJ27 targeting to their targets. The
identification of IBM1 and JMJ27 interaction proteins further elucidate the
mechanism of how nexine related genes are activated by AMS and TEK. Whether the
mutation of AMS will lead to the abolishment of IBM1 binding at TEK still needs to be
confirmed. In addition to TEK, many other genes that are required for pollen wall
formation, including KCS7, KCS15, CYP86C3, CYP98A8, CYP98A9 were also
downregulated (Figure 31). Sporopollenin, consisting of complex biopolymers
derived mainly from phenolic compounds and long-chain fatty acids, is the main
component of the pollen wall (Bubert et al. 2002). CYP98A8 and CYP98A9 are the
enzymes required for the production of phenolic precursors, and KCS7, KCS15 are
required for fatty acid elongation. All these four genes were also silenced with
elevated H3K9me levels in ibm1 and ibm1 jmj27. Besides, they are also the direct
targets of AMS. Similar to TEK, these genes are also possibly the targets of IBM1 and
JMJ27 mediated by AMS recruitment. Together, these results indicate a possible
mechanism that AMS recruit IBM1 and JMJ27 to the targets to active their

expression, and regulate pollen wall formation.
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5 Summary

Histone methylation is involved in many important processes in eukaryotes, and its
function in meiosis have been studied in mammalians. In Arabidopsis, loss of
H3K9me2 or non-CG methylation leads to the activation of crossover (CO) near
centromere without affecting plant fertility. H3K9me2 is a silencing mark which is
mainly enriched at the pericentromeric region to silence TEs and other repeat
sequences to keep the genome stability. It is eliminated at most active gene regions
to protect them from silencing in wild-type Arabidopsis. Mutation of IBM1, a
member of the Jmjc domain-containing family, results in ectopic deposition of
H3K9me2 at thousands of gene bodies, leading to pleiotropic development defects.

However, its function in meiosis is unknown.

In my recent study, | first analysed the phenotypes of ibm1 at the meiotic stage, as
ibm1 exhibits reduced fertility. Tetrad formation analysis showed that the ibm1
mutant produces around 25% abnormal meiotic products, including dyads, triads and
polyads. | also found that JIMJ27, another H3K9me demethylase, was functionally
redundant with IBM1. The ibm1 jmj27 double mutant showed much stronger
phenotypes compared to the ibm1 single mutant. Further cytological analysis
showed that the mutants showed bivalent formation defects during meiosis,
indicating that IBM1 and JMJ27 are required for the bivalent formation. To test the
hypothesis, | firstly performed Chip-seq with antibody against anti-H3K9me?2.
Genome-wide analysis showed that thousands of genes obtained ectopic H3K9me?2,
and many meiotic genes are among them. H3K9me2 is a silencing mark, | further
examined whether the increase in H3K9me2 resulted in gene silencing. RNA-seq
results showed that numerous genes were downregulated, and most of the
downregulated genes also obtained ectopic H3K9me?2, indicating that gene silencing
was caused by increased H3K9me2 levels. Meiotic genes that were required for the
proper bivalent formation, including ZYP1, ASY1 required for chromosome synapsis,
and SHOC1, ZIP4 for crossover (Macaisne et al. 2008; Higgins et al. 2005; Chelysheva
et al. 2007; Caryl et al. 2000). The direct binding of IBM1 to these loci have been
confirmed by Chip-seq with antibody against anti-GFP using
prolBM1-IBM1-GFP/ibm1 lines. These results indicated that IBM1 and JMJ27 directly

bind to these meiotic genes to remove H3K9me2 and active gene expression, which
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is required for proper meiotic process.

To identify the interactors of IBM1 and JMJ27 that are required for
H3K9me2-mediated gene silencing, | performed AP-MS and around 300 candidates
have been identified. Several PDS5 proteins, including PDS5A, PDS5D, and PDS5E are
among them with very high scores, indicating their strong interaction. PDS5 proteins
are the cohesin cofactors required to load and unload the cohesin to the
chromosomes. We found that ibm1 jmj27 and pds5 exhibited similar gene expression
pattern, but without ectopic H3K9me2 deposition in pds5, indicating that PDS5s act
downstream of H3K9 demethylation to activate gene expression. Our results explain

a possible mechanism of how the cohesin regulate gene expression in Arabidopsis.

Besides, | have found that H3K9 demethylation-mediated gene activation is cell-type
dependent. During the anther development, a bHLH transcription factor AMS is
required for the recruitment of IBM1 and JMJ27. The interaction between IBM1,
JMJ27 and AMS leads to the recruitment of IBM1 and JMJ27 to the targets, which is
required for gene activation to regulate nexine formation. The ibm1 jmj27 mutant
showed defective nexine formation, indicating their function during pollen wall

formation.

Taken together, my results demonstrated the function of H3K9 demethylation at
different developmental stages in Arabidopsis, including meiosis and anther
development. Different factors are required for H3K9 demethylation-mediated gene
activation, and they are cell-type dependent. At the same time, our results also
explained the mechanisms of how the cohesin complex regulates gene expression in

plants.
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7 Appendix

Abbreviation:

IBM1: increase in BONSAI methylation
H3K9me2: histone 3 lysine 9 dimethylation
H3K4mel: histone 3 lysine 4 monomethylation
H3K27me3: histone 3 lysine 27 trimethylation
FYRN: FY-rich N-terminus

FYRC: FY-rich C-terminus

JmjC: Jumoniji C

PHD: plant homeodomain)

CMT3: CHROMOMETHYLASE 3

PCD: programmed cell death

NAC: NAM, ATAF1 and CUC1/CUC2

SC: synapotomal complex

dex1: DEFECTIVE IN EXINE FORMATION 1
TEM:transmission electron microscopic
RSC: Remodels the Structure of Chromatin
S. pombe: Schizosaccharomyces pombe
TADs: topologically associated domains

A. tumefaciens: Agrobacterium tumefaciens
N. benthamiana:Nicotiana benthamiana
TEs: Transposable Elements

AGDP1: Agenet domain (AGD)-containing p1
Dot1: Disruption of telomeric silencing 1
SET: Su(var), E(z), and Trithorax

KMTs: Histone Lysine Methyltransferases
KDMs: Histone Lysine Demethylases

E(Z): Enhancer of zeste

trxG: trithorax group

PRC2: Polycomb Repressive Complex 2

PcG: Polycomb group

DEGs: Differentially Expressed Genes
DSBs: Double Strand Breaks
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ATAC-seq: Assay for Transposase-Accessible Chromatin using sequencing

Hi-C: High-throughput chromosome conformation capture

Supplementary Table 1: List of primers used in this study

Gene ID primers used for

CCTTTGGTGTTAACTTGTGGC

CCATCCGTACACAACAACAAC

TGAGACGATTGAACCCCAAG

AT5G52290 Chip_gPCR
CCTTTGAGCCTATAAGCTCC

TCGAAGCTGCTAAGACTACC

GCATACCACCAGATCTACATG

GCCGTTAGTCGAATTAATCGAC
TTGCGCTCTCGAATTGTGTG
CGAATTTGAAACTCACTGCAG
AT1G22260 Chip_qPCR

GTCGAAATCATCATAACAGTCG
AAAAGACGAGTGTTCAGCTG

CTTCTTAACCTCCTGCTCTG

TCTGAGTCTCTGACATCAGC

GCTCTCGAAATTGTGTGAGC

CTCTTCAACGAAGACTCTGTG

AT1G22275 Chip_gPCR
CATCCTGAACTTGAGAAGCC

AAGTACGAGAAACTGCAGGC

GGCTCTCACTCTCTTTCTGC

ACATTTAAAACGGCATAACGTAC
TCGATTTCAAGAGGGAGATGG
TGCAGAAGGGAGAGTTCGAG
AT5G48390 Chip_qPCR
TCCATCACTACCATTTCCTCC
GCCATTGGTCAGATCGATGC

TCATGCGCTGAAAGGGAAAG

CGCGTCGTTACACAATTAGTC

GTGAGGGAGTCTGGGAGATC

AT1G67370 Chip_gPCR
GACGACATGCAAGATGATGG

CTGAATCAGAAGGCTGGTCA

AGGTAAGAGTTGGTTCGCTG

ACGATTAGGTACATCCAGAAGC

AT5G61960 Chip_gPCR
TGAAAACAGACATGATGCCTG

CAGCTGGTAACTTTCAGATGTC

GGAAGAGAGGAGGAGGAAGAG
CGGAGAAGCAAAGGAGAAGAG

AT2G42890 Chip_gPCR
ATATGCCATCTTTGCTGAGTAG
GAGCTTGAGAACATGCTGAG
AT5G07290 GAGTTGGTTCTTCTCTGCTTC Chip_qPCR
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CAAAATTCGGAATTAAAAACGCC

AACAATCCAATGCCTGAAGG

GAGAGAGCTGGTAACTGTCAG

TCTCCCATAAATCAAGGATCCC

CACATCATGCCACTTGACTG
GTCTCAAAATGATAAAGGGAGACG
AT5G52290 RT_gPCR
TCAGATTCTTGAGGCATGGAG
AGAAGAAGCTGAAAAGCTTGAG
AT5G48390 RT_gPCR
TCATGCGCTGAAAGGGAAAG
ACCAACAAATCATTAAGGACAAGG
AT1G22275 RT_qPCR
TAATTGCCTGGTCATTCCTCTG
ATGGAGAGGTTGATGAAGATGAC
AT1G67370 RT_qPCR
CGAGCTGATCCATGATTTCTTC
CTCGGCCTCGAAAGATGCCG
AT3G13220 RT_qPCR
GGTGGCAGAAGTGGAGTCAAG
CAAGCGCTTCCAGGTCTGG
AT4G35420 RT_gPCR
CGAGGACATCGGAAGCTGTAG
TGTCGTTGCACAGGTTGGAG
AT1G66170 RT_gPCR
CCATTGACACATACCAAATGACC
CCACCATGTCAATCTGCTCG
AT2G28560 RT_qPCR
ACCAATACCAGGAGGACCAAC
GCTGCTACCACTAGTTGCCAG
AT3G07610 ibm1-4 (SALK_035608) genotyping
ACTGCCACGATAATGAGGTTG
ACGCAATGTATGTCTTGGGTC
AT4G00990 jmj27-2 (SALK_092672) genotyping
ATCCATTGCCAATTTTCACAG
CTCTCAGCCATCAGGTTCTTG
AT2G16910 ams (SALK_152147) genotyping
ACAGGTTTGTGAAGTGGATGG
CTTGCAGCATCTCTAACGTCC
AT5G47690 pds5a (SALK_114556) genotyping
GAACTGCGCTATCTTCACCAG
CGCCAGTTCTCTCATTGAAAG
AT1G77600 pds5b (SALK_092843) genotyping
GGAAAAAGATCATCGGAGAGC
TTCGAATCAATTCAGGTCAGG
AT1G80810 pds5c (SALK_013481) genotyping
ATGTGAAGGGACATTCAGTGC
GTCTGCAGTTTGCTCTTTTGC
AT1G15940 pds5e (SAIL_287_D07) genotyping
TCTGCCTTGTAAGTGAAACTTCC
CTCATATTCACGGTGCTCCC
AT5G05490 rec8 (SAIL_807_B08) genotyping
GGGGGAAAAGAGAAAGGTTC
GCGGGTACCCTTCGATCACAAATTAGAGGAAAT
AT3G07610 construction for IBM1 promoter
GCGGTCGACTTTTCGAAAATCAAAATTCTCAATCGTC
GCGGTCGACATGGATTCTGTGGAGGAAGAAGG
AT3G07610 construction for IBM1 CDS
GCGGGATCCCATCTTCTCCATTTCTAATCTGTCAATG
GCGCTCGAGCACGAATATAATTGCGAAGAATAG
AT3G22880 construction for AtDMC1 promoter

GCGGTCGACTTTCTCGCTCTAAGAGTCTCTAAG
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AT5G05490

GCGGGTACCCCAGCCAAGACATTGTGATC

GCGGTCGACTTCCTTTCTACTATCTGCCAATTTAG

construction for REC8 promoter

AT5G51330

GCGGGTACCTTGACATTGTGAGAGTAACGGAG

GCGGAATTCGATTTTTGCTCTCGATAATCTTCG

construction for SWI1 promoter

AT5G05490

GATAGAATAGAATGGCGTGGCATTCTCTCTTTTGTATTCC

GAATGCCACGCCATTCTATTCTATCAAAGAGAATCAATGA

GAATACCACGCCATTGTATTCTTTCACAGGTCGTGATATG

GAAAGAATACAATGGCGTGGTATTCTACATATATATTCCT

construction for REC8 knock down

AT3G07610

GATAATTTAGTATCTAGACGCACTCTCTCTTTTGTATTCC

GAGTGCGTCTAGATACTAAATTATCAAAGAGAATCAATGA

GAGTACGTCTAGATAGTAAATTTTCACAGGTCGTGATATG

GAAAATTTACTATCTAGACGTACTCTACATATATATTCCT

construction for IBM1 knock down
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